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Abstract 
The increasing use of high power lasers in industry, medicine and the home means that a 
comprehensive understanding of the limitations into reaching higher powers is essential. 
Commercially grown 980nm devices are often thought to be `ideal', however measurements 
indicate that they have a super-linear temperature dependence resulting in a low 
characteristic temperature, To = 120K ('ideal' device To = 300K around room temperature, 
RT). Below -250K, measurements of the carrier density dependence of the current shows 
that the threshold current is dominated by radiative recombination. This radiative current 
was extrapolated to RT, where it was found that - 17% of the total threshold current is non- 
radiative. A small temperature variation of the internal quantum efficiency, i 1j, internal loss, 
a; and differential quantum efficiency, rid, (T1, -1100K around RT), are all indicative of 
negligible carrier leakage out of the quantum well, whilst measurements of indirect X- 
minima leakage indicate that only -0.2% of Jth is associated with carrier leakage at room 
temperature and atmospheric pressure. It can therefore be concluded that electron leakage is 
small at RT. The experimentally measured activation energy of the non-radiative current is 
168 meV, which is in good agreement with the calculated values of the two main direct 
Auger processes. We can therefore conclude that at room temperature, 17% of the total 
threshold current is due to Auger recombination and hence the resulting low To. 
Devices containing a Short-period Super Lattice, SSL, were also examined for evidence of 
carrier leakage, and it was found that whilst the SSL reduces indirect carrier leakage, even at 
higher temperatures, that such leakage is not responsible for the measured low To which is 
consistent with the non-SSL results. 
Investigations into catastrophic optical damage, COD, on commercially grown 980nm 
devices were undertaken. By utilising new techniques developed at the University of Surrey, 
we measured the facet temperature and power output as a function of increasing current for 
three fixed temperatures (22 °C, 45 °C and 65 °C). The rise in facet temperature is almost 
identical for all three temperatures as a function of power, indicating that power output is the 
main influence on facet temperature. The pressure dependence of COD was investigated, 
and a strong inverse correlation between the power at COD and optical mode size 
perpendicular to the junction was found. 
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Chapter 1 
Introduction 
1.1 Background 
Inexpensive high power semiconductor lasers are increasingly in demand for a number of 
applications ranging from storage systems such as compact disc rewriters (CD-RW) and 
digital versatile disc rewriters (DVD-RW) to the printing and marking industry'. They are 
also in demand for medical uses such as photo-coagulation or ablation through to external 
and internal surgical uses2. High power lasers are also required for long haul 
telecommunication systems where the signals require frequent amplification (-j every 100 - 
120 km) to maintain signal strength and prevent signal degradation. Amplifiers are used to 
provide in-line signal amplification of telecommunications signals. There are two main types 
of amplifier used, Raman 3 and Erbium doped fibre amplifiers (EDFA)4. 
Raman amplifiers use the existing fibre to provide the amplifying medium and use lasers 
emitting between 1440 - 1460 nm to amplify signals in the telecommunications C band 
(1530 - 1560 nm)4'5'6 Erbium doped fibre amplifiers (EDFA) however, use an inline section 
of fibre doped with erbium to provide the amplifying medium and amplifies signals at 1550 
nm through the use of lasers emitting at 1480 nm and 980 nm 4,5,6 Optical pumping of the 
Erbium doped fibre excites electrons into higher energy levels where they will decay back to 
the meta-stable energy level via a fast relaxation process. The electrons in the meta-stable 
energy level provide sufficient population inversion that incident photons will produce 
stimulated emission with an energy of 800 meV. 1480 nm pump lasers will populate the 
meta-stable level directly, but suffer from increased spontaneous emission noise levels4 and 
large non-radiative loss mechanisms such as Auger recombination4.980 nm devices are 
therefore more commonly used due to lower noise, reduced loss mechanisms and hence 
lower threshold current densities. 
1.2 Motivation 
All semiconductor lasers suffer from non-radiative recombination processes, which 
reduces their efficiency and increase their threshold current. In long wavelength (1.3 and 
1.5 µm) lasers, the dominant loss mechanism is Auger recombination 7,8,9,10, where the 
energy of a recombining electron-hole pair is given to a third carrier (hole or electron) 
instead of producing a photon. In short wavelength lasers (600-800 nm) the dominant 
mechanism is thermal leakage" 12 , 13, where the quantum wells are shallow with respect 
to the X-levels, the carriers are thermally excited out of the well and recombine in the 
cladding material. 
Lasers emitting at 980 nm are midway between the two regions, the well depth is large 
enough that there should be minimal leakage whilst a sufficient band-gap energy means 
there should be minimal Auger contribution and these devices should be `ideal'. 
In this thesis the recombination processes in commercially grown 980 nm 
InGaAs/AlGaAs semiconductor lasers supplied by Bookham, Caswell are investigated. 
Temperature and pressure experiments are conducted in order to look at the threshold 
current density and carrier density dependence of Ith for the lasers and to determine the 
loss processes occurring within the device. 
High power operation of the lasers is essential for many applications', however, the 
maximum power is often limited by device failure due to catastrophic optical damage, 
COD. Under high power operation, strong re-absorption of the emitted light at the facet 
causes heating which in turn leads to band gap shrinkage. This band gap shrinkage close 
to the facet gives rise to further re-absorption and, at the extreme will cause the facet to 
reach the melting temperature of the material and will result in a catastrophic and 
irreversible loss of power 14 
2 
There have been many technological advances in laser design intended to increase the 
power output before COD. Some designs depend upon altering the material composition, 
such as making aluminium free lasers which reduces the number of dangling bonds at the 
facet and hence defect sites15''6. Other designs incorporate regions of semiconductor at 
the end facet which have a larger band gap than the active region and this non-absorbing 
window region helps reduce facet heating ", "8 Finally there has been a lot of work on 
the passivation and coating of the facets in order to reduce the defect sites at the facet and 
hence increase power output before COD 1,19 
Whilst there has been a lot of work conducted to increase the power output before the 
device undergoes COD, the physical processes causing COD are still not clearly 
understood. By investigating the effects on the output power caused by device heating, 
the temperature rise at the facet and the dependence that the base temperature plays on 
the power density at COD, we are able to study the causes of COD. 
1.3 Thesis outline 
Chapter 2 describes the basic background theory behind semiconductor lasers. It aims to 
introduce the concepts of radiative and non-radiative carrier recombination as well as 
describing the basic concepts behind the measurements of spontaneous emission and 
threshold current density as a function of temperature and pressure. The method of analysis 
for these experiments is also discussed. 
Chapter 3. The techniques required to carry out the experiments in this thesis are discussed 
along with schematics of the experimental apparatus. Calibration of the equipment and 
procedural steps for the experiments are included and the measurements are themselves 
discussed along with any corrections which need to be applied to the data. 
3 
Chapter 4. Measurements of the temperature dependence of the threshold current density 
and spontaneous emission of the 980 run devices are discussed. The external differential 
quantum efficiency, rld, and internal efficiency, , q;, of the devices are measured as well as the 
internal loss, a;,. The effect of temperature on rld, rl; and a; are also discussed. The 
characteristic temperature ( To -120K) and carrier density dependence of the current ( Ixn2) 
below 250K and then increasing above 250K) are measured and discussed. The spontaneous 
emission (p-side) as a function of temperature is investigated for indications of leakage of 
carriers into the barrier region, with the conclusion that there is no significant leakage 
present at room temperature. 
Pressure experiments were carried out to determine the dominant loss mechanisms present 
with the conclusion that leakage accounts for only - 0.1 % of the threshold current at room 
temperature and atmospheric pressure, RTP. Calculations of the activation energy were then 
carried out and compared with the experimental non-radiative current with the conclusion 
that -17 % of the threshold current density at room temperature is due to Auger 
recombination. 
Chapter 5. The inclusion of a short-period super lattice, SSL, into the device structure was 
intended to reduce carrier leakage in semiconductor lasers. Experimental results of the 
threshold current density and spontaneous emission, along with the calculated values of the 
carrier density dependence of Ith and characteristic temperature, To, indicate that there is 
little difference in the device temperature dependence due to the inclusion of the SSL. 
Pressure and temperature experiments indicate that the SSL does indeed reduce carrier 
leakage in these devices but that the amount of leakage is negligible at atmospheric pressure 
and room temperature. 
Chapter 6. The effects of external and internal heating on the output power of the devices is 
investigated. The reduction in power output due to external heating under fixed bias current 
4 
conditions as well as the effect of Joule heating on the output power under CW and pulsed 
conditions are measured. The results from these investigations are then utilised to calculate 
the base temperature which is used in measurements of the effective facet temperature rise 
(facet temperature - base temperature). 
The basic mechanisms responsible for the onset of catastrophic optical damage, COD, are 
discussed. Measurements of the facet temperature up to COD were carried out at three 
different base temperatures. From the measured power leading up to COD for all base 
temperatures it can be concluded that the power at COD remains approximately constant 
despite the difference in current at COD, ICOD. The difference in ICOD is attributed to 
increased joule heating reducing the device efficiency at high currents for elevated base 
temperatures. 
InP lasers emitting at 1480 nm, as well as GaAs based 980 nm lasers were tested for COD as 
a function of temperature and pressure to measure the intrinsic wavelength dependence of 
COD irrespective of surface states or material properties. The decrease in ICOD and the 
decrease in the power at COD with increasing pressure are attributed to the pressure 
dependence of the confinement factor which increases with increasing pressure, hence 
reducing the mode size. When the power density at COD, PCOD, is calculated to take into 
account this change in mode size, only a minimal difference in PCOD with increasing 
pressure/decreasing wavelength is observed. We conclude that the wavelength dependence 
observed in PCOD is due to the mode size, and the results found in literature are probably 
entirely due to material constraints and not on any intrinsic wavelength properties. 
Chapter 7. The main conclusions from each of the experimental chapters are discussed 
along with suggestions for future work. 
J 
Chapter 2 
Basic Laser Theory 
2.1 Introduction 
The aim of this chapter is to introduce the basic semiconductor laser theory which is relevant 
for the analysis and understanding of the experimental results presented in this thesis. More 
complete descriptions and derivations of many of the equations considered within this thesis, 
can be found in several semiconductor laser text books20' 21 should the reader wish to pursue 
the subject. 
In order to understand the basic principles of a semiconductor laser, a simplified scheme 
containing two energy bands is considered, where the valence band maximum is at energy, 
E,,, and the conduction band minimum is at energy, E, such that they are separated by an 
energy gap, Eg, = E, - E. If these bands are partially populated with carriers, there are three 
possible mechanisms whereby electrons, holes and photons can interact, these are the 
spontaneous emission, absorption and stimulated emission processes. 
For a system in thermal equilibrium, it is possible for an electron in the conduction band to 
spontaneously recombine with a hole in the valence band (figure 2. la), emitting a photon in 
the process. This recombination is known as spontaneous emission and is proportional to the 
densities of electrons in the conduction band and holes in the valence band. 
The second process is the absorption of a photon (figure 2.1, b), promoting an electron from 
the valence band into the conduction band (figure 2.2). It can clearly be seen that this 
process is dependent on the photon density, P(hv) where the photon energy, by >- E, - E, as 
well as the density of electrons and unoccupied states in the valence band and conduction 
band respectively. 
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Figure 2.1, Diagram of (a) spontaneous emission, (b) absorption and (c) stimulated 
emission process 
Stimulated emission (figure 2.1, c) involves an incoming photon interacting with an electron 
in the conduction band, causing it to de-excite to the valence band, emitting a photon with 
the same phase and energy as the incoming photon, resulting in amplified light emission. 
Stimulated emission is also dependent upon P(hv) as well as the density of electrons in the 
conduction band and holes in the valence band. 
2.2 Population inversion 
The population of the conduction and valence band by either electrons or holes respectively 
is determined both by the density of states and Fermi-Dirac occupation probabilities. At 
room temperature in an undoped semiconductor, there will be a higher population of 
electrons in the valence band than the conduction band, hence absorption is more probable 
than emission. To achieve optical gain in a semiconductor laser, stimulated emission must 
exceed absorption and this is achieved by electrical or optical pumping to inject electrons 
and holes into the conduction band and valence band respectively. As carriers are injected, 
the quasi-Fermi level separation increases and the probability of stimulated emission 
increases. When the injected current reaches a certain level, the probability of stimulated 
O Hole 
0 
00000 
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emission will equal the probability of absorption and at this point the laser is said to be 
`optically transparent'. For net optical gain, the quasi-Fermi level separation must be in 
excess of the photon energy as stated in the Bernard-Duraffourg`` condition 
F, -F> by 2.1 
Where F, and F are the quasi-Fermi levels for the electrons in the conduction band and 
valence band respectively, h is Planck's constant and v is the photon frequency. 
2.3 Fabry Perot Cavity 
In section 2.1, it can be seen that the rate of stimulated emission is dependent on the photon 
density. In order to increase the photon density, optical feedback of the photons is required 
and this can be accomplished by creating a Fabry Perot cavity (figure 2.2). 
R, 
Gain 
Medium 
R. 
LCav 
Figure 2.2, Diagram of a Fabry Perot cavity showing the gain medium 
A Fabry Perot cavity consists of two mirrors which in a semiconductor laser are created by 
cleaving along a crystallographic plane. The mirrors provide optical feed back and allow 
further amplification of the optical wave. The reflectivity of the cleaved mirrors with respect 
8 
to air/vacuum is - 30 % and can be increased or decreased as required by the application of 
special surface coatings. 
The imposition of mirrored boundaries (with reflectivity's R, and R2) allows the creation of 
standing waves and hence modes with spacing AX. 
Gain, g 
0 
Figure 2.3, Diagram of gain as a function of wavelength, showing the Fabry Perot 
modes 
Standing waves are created when 23 
LLcav m=1,2,3..... 2.2 
Where µ is the effective modal index of the active region. 
Thus A=2, Lcu,, , so the mode spacing (AX) can be defined as 
), 2 
AA _ 2 NLcüv 
2.3 
In figure 2.3 it can be seen that the Fabry Perot cavity imposes a comb of modes onto the 
gain function. In a Fabry Perot laser, the mode closest to the peak of the gain will be the 
wavelength at which the device lases (ý. ia e). As the light traverses the gain medium it may 
undergo other loss mechanisms such as scattering, inter-valence band absorption and free 
carrier absorption, hence the condition for threshold gain per unit length, gth, is given19 by 
9 
Wavelength, 1 
91h =11 In 
1 
+a; 
1 
2.4 
F 2LCu, RI R2 
Where F is the optical confinement factor which is the fraction of the optical mode which 
overlaps the active region (section 2.5), R, and R2 are the facet reflectivities and ct is the 
internal loss per unit length. 
As carriers are pumped into the system, the gain increases until gth is achieved, at this point 
the device will start to lase (threshold). In an ideal system, all the additional carriers pumped 
into the system will now recombine via stimulated emission, emitting a photon in the 
process, essentially pinning the carrier concentration and gain within the device. The carrier 
density at threshold is termed nth and the corresponding current by Ith. 
2.4 Carrier confinement 
In order to create an efficient device it is essential to provide confinement of the carriers to 
the active region. The simplest (and first) laser structure is a basic p-n junction 
(homojunction) formed from a single semiconductor material. Electrons and holes are 
injected into the active region where recombination can occur. Unfortunately the carriers 
have poor confinement and can freely diffuse away from the junction creating a very narrow 
region for recombination. This, coupled with poor optical confinement, leads to these 
devices suffering from large threshold current densities (- 3 kA cm 2) 24. 
1 
n 
Holes 
Active Region 
Figure 2.4, Schematic of a heterojunction 
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In order to create better carrier confinement, a double heterostructure structure may be 
grown. These are created by growing higher band gap p-type and n-type cladding regions on 
each side of the active region. As can be seen from figure 2.4, the carriers are constrained 
from escaping by the larger energy gap of the cladding material. 
2.5 Optical confinement 
In section (2.1) it was shown that the stimulated emission rate was dependent on the photon 
density. Ideally the optical field is confined to the active region which extends along the 
growth (z) and transverse directions. The introduction of cladding layers (material with a 
Y 
µI 
Cladding Cladding 
Active region 
Z 
Figure 2.5 Diagram of the refractive index step with respect to the change in band gap. 
The confinement factor is also shown 
lower refractive index) into the structure provides an ideal method of confinement. Figure 
2.5 illustrates how the refractive index change provides the confinement with the degree of 
confinement provided by the overall refractive index step, Ai (Dµ = µ, - µ, ), where Dµ is 
typically of the order of -0.1 25 
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2.6 Quantum Wells 
Reducing the active region dimension (Z direction) to be comparable with the de-Broglie 
wavelength of the carrier, quantization of the density of states in one direction can be 
achieved. The density of states becomes dependent upon the in-plane effective mass and the 
quantum well width21, L. 
2D 
_ 
mefi 
27ch2 
l 
Lz 
2.6 
In figure 2.6 it can be seen that for the bulk structure, there are relatively few states near the 
band edges. The heavy hole mass means that F,, remains relatively static with respect to the 
valence band and hence Fc has to move further into the conduction band, where there are 
more available states, in order to achieve transparency, which results in a broad output 
spectrum and high nth. 
E 
Electron 
density 
Conduction E 
band Electron 
density 
Conduction band 
! ýý Fc 
-------------------- 
Fv 
Hole Valence band 
density 
---------------------- 
Fý 
------------------------------ 
Fv 
Valence band 
Hole 
density 
PýP 
Bulk QW 
Figure 2.6, density of states for a 3D (Bulk) and 2-D (quantum well) structures 
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The quantum well, QW, structure in contrast, has many available states near the band edge, 
and hence F, remains closer to the band edge for transparency, leading to a narrower output 
spectrum and lower threshold current densities. 
2.7 Strain 
Originally it was thought that strain was detrimental to laser performance due to the 
formation of defects, however in 1986 it was proposed 26' `7 by two groups that the addition 
of strain could be advantageous to semiconductor lasers. 
The band structure of semiconductor lasers is sensitive to deformation of the crystal lattice 
by the external application of uniaxial and hydrostatic pressure. Internal strain can be created 
in the semiconductor laser by growing a thin layer of semiconductor material onto a layer of 
thick semiconductor material with a different lattice constant. The thin top layer adjusts 
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Figure 2.8 Band structure diagram for bulk like device showing (a) the tensile strained 
and (b) the compressive strained conditions 
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itself to match the lattice constant in the plane of the thick bottom layer and hence becomes 
strained. Depending upon the lattice constants involved, the thin top layer can be strained in 
two ways parallel to the substrate plane, either compressively (+) or tensiley(-). 
Strain of the crystal can be separated into two components, hydrostatic and uniaxial. 
Hydrostatic strain will cause a change in the lattice constant without causing a change in its 
symmetry where compressive strain increases the band gap and tensile strain decreases the 
band gap. 
Uniaxial strain reduces the symmetry of the valence band structure. It can also cause the 
valence band dispersion to become anisotropic with compressive strain lifting the heavy hole 
band and depressing the light hole band whilst tensile strain has the opposite effect, as 
shown in figure 2.8 9 
For compressive strain the in plane hole effective mass also becomes lighter than that in the 
growth direction leading to a reduction in the density of states at the top of the valence band. 
Hence the carrier concentration needed to reach threshold25,26 is reduced leading to a lower 
threshold current. 
Although all the devices used in this thesis are compressively strained, it should be noted 
that the introduction of tensile strain also improves the laser characteristics 28'29'30 
2.8 Threshold current (Ith) 
The threshold current is the current at which the gain exceeds all of the losses and the device 
starts to lase. It can be expressed as the sum of the radiative and non-radiative paths as7 
Iah =eV (A n+ Bn 2+ Cn 3) + beak 2.7 
where e is the electronic charge, V the pumped volume of the active region and A, B and C 
are the recombination coefficients of monomolecular, radiative and Auger recombination 
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respectively, and lastly an I1eak term to account for carrier and current leakage out of the 
quantum wells. 
2.8.1 Radiative recombination 
In an ideal QW, the carrier density at threshold is proportional to temperature31' 32, hence 
nlh = noT 2.8 
whilst the radiative recombination co-efficient B at threshold in a quantum well laser can be 
expressed as 
30,31 
B=B° 2.9 
T 
Utilising the radiative contribution from equation 2.7 
I, h = eVBn, h2 2.10 
And combining equations 2.8 and 2.9, we can derive the temperature dependence condition 
for the threshold current for Ith (rad) 
'ih (rad) = eVBon02T 
Hence we see that Ith(rad) oc T 
2.8.2 Non-radiative recombination 
2.11 
There are several mechanisms whereby the carriers can recombine non-radiatively, that is 
where the carriers recombine without producing a photon. The first to consider is 
monomolecular recombination. 
2.8.8.1 Monomolecular recombination 
Crystal structures contain a certain concentration of impurities, dislocations and defects, 
especially upon the surface and heterojunction interfaces where dangling bonds become 
defect sites which trap carriers that can then recombine either radiatively or non-radiatively. 
The threshold current contribution of monomolecular recombination is given by 
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, 
mono = eVAn 
where A is the monomolecular recombination coefficient. 
2.12 
Good quality semiconductor material is assumed to have negligible monomolecular 
recombination and later in chapter 4 this will be shown to be the case for the devices 
considered in this thesis. 
2.8.8.2 Auger recombination 
There is a non-radiative recombination process which involves three carriers called Auger 
recombination. The Auger recombination at threshold can be expressed as 
I 
Aug =e 
VCnth3 
Where C is the thermally activated Auger recombination coefficient C. 
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Figure 2.9, Diagram of the two different direct Auger recombination processes found 
to be of interest in this thesis 
In Auger recombination, the recombining electron hole pair give their energy and 
momentum to a third carrier (figure 2.9) which is promoted to a higher energy state in either 
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the conduction or valence bands. This process is governed by the conservation of energy and 
momentum and is dependent upon the carrier densities and the electron, heavy-hole, light 
hole and spin split-off effective masses. 
In figure 2.9 we can see two of the main Auger processes. The direct conduction band to 
heavy hole, conduction band to conduction band (d-CHCC) and the direct conduction band 
to heavy hole, spin split-off band to heavy hole (d-CHSH) Auger recombination 
mechanisms, with the remaining direct process being the conduction band to heavy hole, 
Light Hole to heavy hole (d-CHLH). There are also two other indirect processes also 
possible for Auger recombination involving energy and momentum transfer via phonons. 
In the d-CHCC process, the recombining electron hole pair (1,1') gives their energy and 
momentum to an electron, which is then promoted higher in the conduction band (2,2'). 
Whilst in the d-CHSH process, the recombining electron hole pair (1,1') give up their 
energy and momentum to promote a hole from the heavy hole band to the spin split-off band 
(2', 2). As the band gap increases, the transition becomes more vertical. This reduces the 
probability of Auger recombination, and thus plays an important part in a semiconductor 
material where the band gap and the spin split-off band energy is comparable. 
The Auger recombination process is extremely temperature sensitive due both to the 
temperature dependence of the threshold carrier density (nth3 = no3 T3) and the temperature 
sensitivity of the Auger co-efficient, C, given by 33 
C=COexp(-E° j 
kT 
2.14 
Where Co is temperature independent and Ea is the phenomenological Auger activation 
energy. Re-substituting equation 2.14 and 2.8 into 2.13 we arrive at an expression for the 
temperature dependence of the Auger recombination current 
I, h(Aug)=eVno3C. expr-E° T3 2.15 kT 
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It can be seen from equation 2.15 that as well as the temperature, the Auger process is 
dependent upon the activation energy, which in turn is dependent upon the band gap, 
effective masses and spin-orbit split-off energy, as shown9 in equations 2.16 & 2.17. 
Eu (d - CHCC) = 
m`Eg 
2.16 
Mc + mh 
E, (d -CHSH) = 
ms(Eg -Ao) 2.17 
2mh + mc - mh 
where m, mh and in, are the electron, hole and spin-orbit effective masses whilst Ao is the 
spin-orbit split-off energy. 
2.8.8.3 Carrier Leakage 
The third non-radiative process to consider is leakage out of the quantum well. Ideally all the 
carriers would recombine in the quantum well and contribute to stimulated emission, 
however, the carriers can be excited thermionically out of the well and into the barrier 
regions or even into the cladding material where they recombine either non-radiatively or 
radiatively across the larger barrier/cladding band gap. Figure 2.10 illustrates this process. It 
can be seen that the carriers require more thermal energy to escape into the cladding than 
into the barriers. 
0 
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Cladding 
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Figure 2.10, Carrier leakage diagram for a quantum well heterostructure 
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In material systems where the indirect X-minima are separated from the direct conduction 
band by a small energy separation 34, there is an increased probability of leakage into the 
indirect X-minima (figure 2.11). For the electrons to recombine from the indirect X-minima 
they need to transfer to the direct conduction band, emitting a phonon in the process. In short 
wavelength devices Q, -650 nm), this can be the main loss process in the laser 12 and is 
responsible for their high Jth and poor temperature stability. 
Conduction 
Band 
Indirect X-minima 
Fc 
-------------- - 
F,, 
------------------------------------------- 
Heavy Hole 
O'K 
Light Hole 
Spin Split-off 
Figure 2.11, Indirect leakage diagram showing the indirect X-minima 
2.9 Experimental determination of threshold current 
Experimentally, it is a straightforward procedure to determine the threshold current. The 
device under test is electrically pumped and the output light from the facet measured with a 
photo detector. The resulting data can then be plotted on a light-current (L-I) graph as shown 
in figure 2.12 For most practical device measurements, the threshold current can be 
determined as the point where extrapolated lines from linear regions before and after lasing 
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intersect as shown in figure 2.12. All measurements of the threshold current carried out in 
this thesis will be determined by this method. 
L 
Figure 2.12, Determining threshold current utilising the extrapolation from the linear 
regions below and above threshold. 
2.10 Differential quantum efficiency 
Above threshold, the gradient of the L-I curve can be used to gain a measure of the external 
differential quantum efficiency34,71 d, either directly in WA-1 or as a fraction or percentage 
_ 
2e dLext 
ýld by dl 
2.18 
dLext/dI is the gradient above threshold when measuring the absolute power output, e is the 
charge of the electron and by is the photon energy. lid is often used as an indicator of device 
performance assuming a constant collection efficiency with increasing current and 
temperature. 
11d can also be expressed3' in terms of the loss processes occurring within the device 
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Ith :I 
Tid -17 
am 
tai+a. 2.19 
Where a, is the internal cavity loss per unit length, r1; is the internal quantum efficiency and 
can be described as the ratio of the number of photons generated to the number of injected 
electron - hole pairs. In an ideal device above threshold 11; = 1, as pinning occurs and all the 
injected carriers produce photons. an, is the total mirror loss from the facets, where, 
assuming equal reflectivity from both mirrors35 
In 
1 
am =R2.20 Lcay 
This expression can be substituted back into equation 2.19 to produce the equation 
1 
1 a. L 
-_-ý `°' + 2.21 
11d l1; I1 
R ýJ By plotting rid-1 against Liao one can obtain values for the internal loss and internal efficiency 
from measurements of the above threshold L-I gradient and intercept (section 4.4). Care 
should however be taken as this relationship assumes that a; is not a function of cavity 
length and breaks down for short (< 500µm) cavity lengths where a; becomes sensitive to 
changes in carrier density. 
As well as providing measurements of the internal loss and internal efficiency, the 
temperature dependence of 11 d is used to provide a measure of thermal performance. The 
temperature dependence of rid is quantified by the T1 parameter where 
1d ln(? 7d ) 
T, dT 
2.22 
It can be seen from equation 2.18 that a device with good temperature performance will have 
a high T1 value (infinite for an ideal device). For example, typical reported T1 values for 
good device performance in semiconductor laser emitting around the 980nm region range 
from 650 K to over 1000K36'37'38'39 
21 
2.11 Carrier density dependence of the threshold current 
In equation 2.7, the threshold current density is split into its possible components; however, 
determining which of the possible recombination mechanisms is present in the devices under 
test is crucial. 
The spontaneous emission can be utilised to determine the dominant loss mechanisms 
present within a semiconductor laser. The un-amplified spontaneous emission is collected 
from a window in the substrate metallization, as described in chapter 3.4. Although not all of 
the spontaneous emission is collected, with a constant collection factor, the area under the 
spontaneous emission spectra can be integrated to give a measure of the change in the 
spontaneous emission rate, L, pon as a function of temperature. 
If one recombination process dominates over a small current range we can rewrite equation 
2.7 to give 
I oc nZ 2.23 
where Z is the power dependence of current on carrier density, i. e., Z=1 for monomolecular 
recombination, 2 for radiative recombination and 3 for Auger recombination. 
If we write that 
I 
rad cc 
Bn2 and Lspon oc lrad 2.24 
Then for a device where B is independent of n, the equation can be rewritten as 
Y2 
n cc Lspon 2 2.25 
substituting equation 2.25 back into equation 2.23 it follows that 
Ia (LSpoy )Z 2.26 
By taking the log of both sides we obtain 
In (I) =Z In LsponY2 I 2.27 
1) 1) 
Hence by simply measuring Lspon as a function of current it is possible to plot ln(I) as a 
function of In (Lsp0 1"2) and to determine Z directly from the gradient at threshold, and hence 
reveal the dominant recombination process. 
2.12 Temperature dependence of the threshold current 
For a fixed bias current, an increase in threshold current will lead to a decrease in output 
power. Good temperature stability is therefore essential to minimise the amount of cooling 
required for stable operation of the laser diode. 
In order to measure the temperature stability of a laser diode, the characteristic temperature, 
To, is used and is defined as31 
11 dlth 
_d 
ln(I, h ) 
To (I 
th) 1 rh 
dT dT 
Where To indicates the relative change in threshold with temperature and is the inverse 
gradient of 1nIth vs. T. However, To (Ith) is itself a function of T due to the temperature 
dependence of the different recombination mechanisms. Over a small temperature range 
2.28 
where To is constant, To can be determined from 
To = 
TZ -T 2.29 
In 
Ith(' ) 
Ith (T, 
In order to investigate the maximum possible value of To we can look at the `ideal' case 
where all the recombination is radiative 31,32 
Ith (rad) = eVBono2T 2.30 
Inserting equation 2.30 back into equation 2.28, we can arrive at the expression for To (I, ad) 
TO (I 
rad 
)=T 
2.31 
It can be seen that for an `ideal' QW device, the maximum value is To = T. Thus for a device 
at 300K, the maximum possible value of To is also 300K. 
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In comparison, for a device that is dominated by Auger recombination, we can substitute 
equation 2.15 into equation 2.28 to give the corresponding To for the Auger current 
To =E2.32 
3+ 
kT 
It can be seen that the maximum (Ea = 0) value of To obtainable now is 100K at a 
temperature of 300K, due to the temperature dependence of the nth3 term. 
2.13 Hydrostatic pressure 
Temperature dependence techniques can be used as a tool to investigate the recombination 
processes in semiconductor lasers as discussed earlier in chapter 2. Another useful tool to 
characterise semiconductor lasers is hydrostatic pressure. 
The application of hydrostatic pressure to a semiconductor crystal reduces the atomic 
spacing, hence increases the energy splitting between the valence and conduction band at the 
zone centre. Figure 2.1340 shows the relative band movements for a typical 111-V GaAs 
semiconductor under pressure. 
As can be seen the biggest change is between the valence band zone centre, F,, and the 
conduction band gamma minimum F,. The F, - L, splitting also increases but at a much 
slower rate, whilst the F-X, splitting actually decreases. Figure 2.14 shows the relative 
movements of the bands as a function of pressure and compares them to the splitting 
achieved by altering the alloy content 41 in AIGaAs. 
It can be seen that although the splitting is not identical, experiments can be carried out on 
devices at different pressures to mimic the effect of alloying without having to grow separate 
crystal structures. The other main benefit of using pressure as a tool is that as the r - 
increases, the lasing wavelength also decreases and hence, pressure can be used as a tool to 
investigate wavelength dependent processes. 
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2.13.1 Hydrostatic pressure measurements 
In an ideal, loss free quantum well laser, the application of pressure will increase the 
radiative current" proportionally to the square of the band gap, Eg, and it can be shown that 
I 
rad 
aEz 
g 2.33 
From figure 2.15 it can be seen that the F, - X, splitting decreases, increasing the probability 
of electrons occupying the X-minima and hence increasing the threshold current with beak 
expressed as34 
d (am) P 
I reek =Io exp dP U 
2.34 
Where II) is a constant, k is the Boltzmann constant and T is the absolute temperature. AE 
is equal to the energy separation between the electron quasi-Fermi level and the energy 
of the lowest X-minimum. Hence devices dominated by indirect leakage, will see an 
exponential increase in the threshold current (equation 2.34). 
Conduction 
Band 
X-minima 
Fc 
Increasing Pressure 
Fv 
------------------------------ 
Heavy Hole 
Light Hole 
Figure 2.15, Band model diagram illustrating the conduction band -X-minima 
splitting (I', - X, ) with increasing pressure. 
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In contrast to the changes seen for indirect leakage, direct leakage does not significantly 
change with pressure. This is due to the fact that all the epitaxial layers in the laser have 
similar pressure co-efficients, and hence have similar band movements with pressure, 
maintaining the band offset between the quantum well and the barrier regions. As pressure is 
applied the energy required to promote an electron into the barriers remains almost constant, 
therefore direct carrier leakage into the barriers remains almost unchanged with pressure. 
However, from equation 2.15 it can be seen that Auger recombination is dependent upon the 
Auger recombination coefficient, C, and the carrier density cubed, n3. Whilst n3 is only 
weakly dependent on Eg, C changes, mainly due to the band gap dependence of E. (eq. 2.16 
and 2.17). The Auger coefficient therefore has a strong band gap dependence and it can be 
seen that it decreases with increasing band gap. 
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Figure 2.16, Examples of the influence of leakage current from a device emitting at 
672 nm (Solid squares) and Auger recombination from a device emitting at 1500 
nm (solid circles) on the threshold current with increasing pressure. The radiative 
dependence is also plotted (solid diamonds) 
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In figure 2.16, the effects of both leakage and Auger recombination can clearly be seen on 
the threshold current with increasing pressure. It is this ability to directly measure and 
differentiate between the different recombination currents which makes hydrostatic pressure 
such an invaluable tool. 
2.14 Facet temperature 
One of the aims of this thesis is to study the onset of catastrophic optical damage. An 
essential component of this study is knowledge of the temperature at the facet. At Surrey a 
novel method of directly measuring the temperature at the facet was proposed by Adams 42 
and consists of measurements of the high energy tail of the facet emission spectrum. 
Providing that the photon energy E is several kT larger than the energy of separation 
between the two quasi Fermi levels, F, - F, then the rate of spontaneous emission in the 
lasing mode, r, may be written as41 
r=a rK expr 
FkT 
E2 exp _ kT 
E 
2.35 L 
where a is the effective bulk absorption coefficient at energy E, F is the optical 
confinement factor which is the fraction of the optical mode which overlaps the cladding 
region, K is a constant, k is the Boltzmann constant and T is the temperature. The coefficient 
a, varies with energy in an unknown manner depending on the joint density of states and the 
matrix elements which determine the optical transitions between the conduction and valence 
bands. However, considering only light being emitted from the end facet, where it has been 
guided along the laser cavity and has suffered re-absorption, it can be assumed that the laser 
is being uniformly pumped so that F, - F is a constant. L, the number of photons of energy 
E emitted by the facet can now be written as 
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L=r jaFcKE2expjJ7exp(a[x)dX 2.36 
T 
where x is the distance along the cavity and C is a constant. The value of this integral is 
simply 
L= Cart 
1 
E2 exp 
(-E 
2.37 
cxf kT 
and the constants a and F, simply cancel to leave the expression 
Lac EZ exp -E kT 
2.3 8 
Thus, by measuring the emission spectrum for a device it should be possible to extract the 
temperature, T 43. 
2.14.1 Facet temperature measurements 
It can be seen from equation 2.38 that by plotting a graph of ln(L/E2) against E, the gradient 
-(l/kT) will directly yield the absolute temperature T. In practice, a large temperature 
gradient extends from the facet towards the bulk of the laser; however, due to the higher 
photon energy and correspondingly larger absorption coefficient, light emitted from the 
barrier/SCH layers will only have come from a region very close to the facet. Hence, by 
measuring the tail of the barrier emission a measure of the temperature in the vicinity of the 
facet can be obtained. The temperature measured will only be an average of the volume 
close to the facet and not the exact facet temperature as will be discussed in chapter 6. 
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Chapter 3 
Experimental Methods 
3.1 Introduction 
This chapter introduces the different techniques required to carry out the experimental 
investigations used in this thesis. Outlines of the procedures as well as schematics of the 
experiments are included. 
Although not stated in each experiment, all the experiments conducted in this thesis were 
controlled using a computer running the National Instruments LabView programming 
language through a general purpose interface bus GPIB (IEEE 488). All the programmes for 
the experiments and analysis used in this thesis were written by, or adapted by, the author. 
3.2 Basic laser setup 
The basic clip4used throughout this thesis is shown in figure 3.1. It can be seen that the p- 
side contact is a soldered wire on the spring clip, whilst the n-side contact is through the 
p-side contact wire 
Insulating 
Layer 
Lever 
S rin Clip Laser 
Brass heat sink 
n-side contact 
Optical 
Fibre 
Figure 3.1, Schematic of the `mouse trap' laser clip developed by Sweeney 43. 
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brass heat sink. This design allows for easy mounting of the laser chips whilst allowing for 
the collection of both facet and spontaneous emission. This design of clip is small enough to 
be mounted onto a range of experimental apparatus such as a sample arm in a cryostat or 
onto the piston in the pressure system. A schematic of the controlling set-up is shown in 
figure 3.2 
Current Source 
GPIB Current 
Co-axial probe 
cable 
Oscilloscope 
Power 
Temperature 
Laser mount meter controller 
Opi1a FLr 
USA 
t 
Detector 
Figure 3.2, Schematic of the control system. The laser mount can be either a Peltier, 
cryostat or pressure system. 
3.3 Choice of pulse width and duty cycle 
When a current is passed through a junction, joule heating occurs and the efficiency of the 
device decreases. Joule heating may be reduced by driving the device under pulsed 
conditions. Unless otherwise stated, all the experiments in this thesis were conducted under 
the pulsed conditions of a 500 ns pulse and a 10 kHz repetition rate. 
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Figure 3.3, Comparison of L-I curves (980nm device with 3 µm ridge 2mm long device) 
under different pulsed regimes 
This rate has been measured as an optimum as the thermal time constant for most laser 
devices is in the order of milliseconds, and hence a 500 ns pulse short enough to minimise 
heating effects such as thermal rollover. It can be seen from figure 3.3 that up to about twice 
threshold there is no discernable difference in the L-I curves with increasing pulse width, but 
as the current is increased there is a noticeable decrease in the power output due to heating in 
the longer pulse length plots. The frequency is kept constant throughout the experiment at 10 
kHz and hence changing the pulse width changes the duty cycle. A duty cycle below 0.5% is 
therefore recommended. 
As the pulse is usually supplied by a voltage pulser in our experiments, the current is 
measured using a current probe and an oscilloscope. When coupling to a laser diode with a 
pulsed source, there can be problems with impedance matching. The current source is 
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coupled to the device with 50 SZ co-axial cables, so in order to impedance match, a 47 S2 
resistor is fitted in series with the device (as near to the device as possible), and the 
remaining resistance is in the device, typically 2-3 0 under forward bias. 
3.4 Facet emission collection 
Information from the facet emission enables us to study many effects. From the facet 
emission the lasing threshold can be determined by measuring the light output as a function 
of increasing current (section 2.10, figure 3.4), and the external differential quantum 
efficiency by looking at the gradient of the slope above threshold from the light-current (L-) 
graph. 
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0.03 
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0.00 
Current (mA) 
Figure 3.4, Light - current measurements shown with increasing temperature. 
The gradient from these graphs above threshold yields the value for the external 
differential quantum efficiency. 
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The spectra from the facet when measured with an optical spectrum analyser, OSA, allows 
the lasing wavelength to be determined, as well as to investigate the lasing modes. Figure 
3.5 gives an example of the spectra acquired from the facet emission. 
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Figure 3.5, Example of the facet spectra measured at 90K just above threshold 
current (OSA resolution of lnm). 
How the light output from the facet is collected depends upon the experimental limitations 
and what information is required. If the lasing threshold is the only information required it is 
straight forward to simply collect the light with a broad area detector. If the efficiency is 
required then an integrating sphere is used as it collects a known fraction of the emitted 
light. 
The detectors used have a relatively flat wavelength response across most of their range but 
the response will drop near the edge of the range, so care was taken to select a detector 
where the wavelength of the device under test is near the centre of the detector range. If 
spectral information is required then the light is either coupled into an optical fibre and fed 
into an OSA or collected with a spectrometer. The spectrometer has to be manually adjusted 
to allow for detector response as described in section 3.6. 
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3.5 Spontaneous emission collection 
In order to collect the spontaneous emission from the devices tested, a hole (-200µm x 
80µm) is milled into the metallization on either the p-side or the n-side using an ion beam 
miller. The device threshold current is measured both before and after the process to 
determine if any damage has occurred. The milling process is quite invasive so it is essential 
to ensure that the milling process itself does not change the threshold current, within 
experimental uncertainty. 
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Figure 3.6, Example of a spontaneous emission spectrum taking from a 980 nm laser 
using an optical spectrum analyser (OSA resolution of 10nm). 
The spontaneous emission is collected by a multi mode optical fibre set into the mouse trap 
at right angles to the device as shown in figure 3.1. Although the fibre will be unable to 
collect 100% of the light, as long as the collection factor remains constant as a function of 
temperature and current4S (the fibre is glued into place using special temperature resistant 
epoxy glue) then the collected spectra can be used for the experimental analysis. If the fibre 
moves (mainly due to temperature effects) the collection efficiency will change and will 
effect the measurements. Due to the low levels of light collected using this method (typically 
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a few nW time averaged power) the OSA must be capable of collecting these low light 
levels. Typically, a 10 nm resolution is used and a slow accumulation rate to capture a 
spectrum. A typical spontaneous emission spectrum is shown in figure 3.6. 
3.6 Measurement of temperature dependent processes. 
Many of the recombination processes discussed in chapter two are temperature dependent, 
so good temperature control of the device under test is essential. For temperatures between 
290K and 350K, the devices are mounted on a Peltier stage (figure 3.7), comprising a Peltier 
cooler/heater mounted upon a metal heat sink with additional cooling water being pumped 
through pipes mounted within the cooling fins. Above the Peltier is a Brass plate to mount 
the mouse trap clip as well as providing the electrical contacts and a thermistor for 
temperature control. This arrangement allows the temperature to be increased or decreased 
as desired. For lower temperatures, a cryostat is required. 
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p-side brass contact trap cli 
Insulator Thermistor : 
n-side brass contact 
Insulator 
ing water 
Heat Sink 
Figure 3.7, Schematic of the Peltier stage 
The cryostat used in our experiments was an Oxford instruments static gas exchange cryostat 
as shown in figure 3.8. In this cryostat the temperature can be varied between 77K and 
350K, and uses liquid nitrogen to provide the cooling. The sample space is evacuated and 
then refilled with nitrogen gas to provide a heat transfer mechanism as well as providing a 
dry, inert environment to prevent contamination of the facets and condensation forming on 
the sample. The sample is held in place in a mousetrap held onto the end of the sample arm 
running down into the sample space. To enable measurements of the facet emission, a broad 
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area detector is used (or an optical fibre and OSA, if spectral information is required) whilst 
an optical fibre is inserted through the sample arm to measure the spontaneous emission 
which is then analysed using an OSA. 
Sample arm 
Electrical feeds 
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Vacuun 
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with heater and 
temperature sensor 
Sample spa 
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Windows 
Figure 3.8, Schematic of the static gas exchange cryostat 
Throughout the experiment care must be taken to ensure that there is sufficient Liquid 
nitrogen in the cryostat and that the cryostat vacuum pump is kept running. The procedural 
steps for a typical temperature experiment are listed in figure 3.9 
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Create vacuum in cryostat body 
Carry out room temperature L-I on the laser on the peltier set-up to determine 
threshold current 
Mount sample on the sample arm. 
Insert sample arm into cryostat and evacuate sample space. 
Fill sample space with Nitrogen gas 
Align the broad area detector with the laser far-field using a lens to focus the light 
onto the detector 
Carry out a room temperature L-I with the device in the cryostat and compare with 
the previous L-I. There should be no change in threshold current. 
Fill the cryostat with liquid Nitrogen and adjust the flow through the exhaust valve 
until the escaping gas can just be detected. 
Set the temperature controller to 300 K and allow the temperature to settle for 30 
minutes. 
Carry out an L-I and then a spontaneous emission measurement if required. 
Decrease the temperature in steps and wait 30 minutes for every 10 K step before 
carrying out the measurements. 
Measure down to 70 K and then increase temperature in steps up to 350 K and then 
back down to 300 K. Allow the system to stabilise at each step. 
Back at room temperature turn off the temperature controller and allow remaining 
Nitrogen to boil off. Once the temperature in the sample space returns to RT the 
sample arm can be removed 
Figure 3.9 Procedural flow diagram for a typical temperature experiment 
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3.7 Triple spectrometer measurements 
The triple spectrometer (figure 3.10) is used to measure the facet temperature as described in 
section 2.16. It comprises of a first stage optical band-pass filter which essentially allows 
only a selected wavelength range through into a monochromator. This filter is known as a 
`top hat' due to the shape of the output spectra (An example of the spectrum measured after 
passing through the top hat slit can be seen in figure 3.11. ) The first stage disperses the 
incoming light using a mirror. This light then passes through a slit (S2) of a defined width 
which acts as the top hat filter. The dispersed light is then recombined at the second grating 
before entering the monochromator stage and is incident on a liquid nitrogen cooled Silicon 
CCD array operated by computer. 
Optical band-pass filter 
Figure 3.10, Schematic of the triple spectrometer. The slits are marked S,, S2, S3 where 
S, is the entrance slit, S2 controls the `top hat' width and S3 is the entrance to the 
monochromator which controls the amount of light entering the monochromator. 
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Figure 3.11, Example of the `top hat' spectrum measured over the wavelength range 
under study (slit width 3400 µm) 
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Figure 3.12, Original spectrum for the calibrated light source 
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Wavelength (nm) 
The spectra can be saved to the computer where correction has to be applied to allow for the 
system response (section 3.3). The calibrated light source is supplied with a calibrated 
spectrum of the light output from that source (figure 3.12). The detector response is achieved 
by dividing the calibration wavelength response taken from the original spectrum supplied, 
by the measured emission from the calibrated light source. 
Initial experiments are required to setup the triple spectrometer before use for facet 
temperature measurements. From the graph of top hat width versus slit width (figure 3.13), it 
is easy to select the desired width of spectra for measurements of the facet temperature. The 
entrance slit Si was altered and the laser set to twice threshold. A spectrum taken at each slit 
width as described in section 2.16 and corrections for detector response carried out. The 
gradient of a ln(L/E2) against E plot was then measured. Figure 3.14 shows the results and it 
can be seen that a slit width greater than 600 µm is required 
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Figure 3.13, Top hat width as a function of S2 slit width 
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Figure 3.14, measured gradient as a function of S1 slit width 
To measure the spectra, the laser is aligned along the optical axis and horizontal with the 
input slit S, to the spectrometer. The beam is normally focused with a lens to ensure that the 
first mirror is entirely filled with the lasing beam at a narrow slit width. Once this has been 
carried out, the spectrometer is adjusted using S-, to select the width of the top hat function 
whilst the computer will rotate the gratings to select the centre wavelength incident on the 
CCD. Spectra can then be taken and fine adjustments to the input lens arrangement carried 
out to maximise the signal strength. 
The spectrometer is first checked utilising the first order lines from a mercury lamp to 
calibrate its wavelength dependence, however, due to the nature of the experiment there are 
several factors which need to be taken into consideration when calculating the uncertainties 
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in the results. It can be seen from graph 3.14 that there will be an error in the gradient as the 
plateau region is not a flat response. The gradient of the plateau region will contribute to the 
overall error in the experiment with a difference in the measured gradient of - 2.5 microns 
over a 300 micron gap width. This translates into an error of - 30 °C per measurement. 
However, as the wavelength range we investigate is chosen for its correlation with the base 
temperature at currents just above threshold, the error is minimised. 
When calculating the error in the measurement, which is simply the error in the gradient, it 
is necessary to ensure the experiment is run for the maximum collection time (before the 
CCD is saturated) as well as averaging the experiment over three collections. By carrying 
out long collection times and averaging, it is possible to reduce the noise in the 
measurement, hence increasing the accuracy in measuring the gradient. By reducing the 
noise in the experiment and careful selection of the measured wavelength it is possible to 
achieve a reasonable degree of accuracy in these experiments (± 4°C). 
An example of the spectra for the 980nm devices used in this thesis is shown in figure 3.15. 
The high energy tail of the spectra of use in the facet temperature measurements is shown in 
the insert. 
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Figure 3.15,980 nm device spectra measured with the triple spectrometer. Inset is the 
region of interest for the facet temperature measurements. 
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3.8 Hydrostatic Pressure System 
As previously stated, hydrostatic pressure is an important tool for investigating carrier 
recombination processes. Figure 3.17 show a schematic of the piston and cylinder pressure 
system used. It consists of a double walled pre-stressed steel cylinder, and a top and bottom 
piston. The bottom piston is fixed and contains a double wound Manganin coil to measure 
the pressure 46. The Manganin coil has a well known variation of resistance with pressure 
R(P) = Ro exp (2.3x 10-3 P) ) 3.1 
Where Ro is the room temperature resistance and P is the pressure in kbar. 
The top piston contains both electrical (conical pins in Vespel seals) and a fibre feed (glued 
into a stub) to allow the device under test to be electrically pumped and the facet emission to 
be collected. Force is applied via a 120 Ton hydraulic ram and is applied to the top piston, 
which is pressed into the cylinder. The pressure medium within the cylinder is a 
Hydrocarbon fluid (Essence-F). The force from the ram is translated into pressure in the 
Essence-F and onto the device which is mounted on a mousetrap attached to the top of the 
piston (figure 3.11). Sealing for the pistons is provided by a neoprene O-ring for low 
pressure whilst high pressure sealing (up to 15 kbar) is provided by a phosphor bronze ring. 
The metal ring has a tapered inner edge which matches the taper on the piston and provides 
the sealing. Alternatively, a nylon tapered ring can be used for measurements up to 8 kbar. 
Although inserting the device into Essence-F will change the threshold current initially, 
Sweeney 43 and Phillips 13 have shown that the change in threshold current for InP and GaAs 
based devices due to the pressure medium over 10 kbar is minimal. 
Figure 3.16 lists the procedural steps for carrying out a typical pressure measurement. The 
steps shown are simplified but illustrate the essential requirements for a successful 
experiment including actions required to minimise errors in the experiment such as heating 
effects or hysterisis. 
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Carry out room temperature L-I on the laser on the peltier set-up to determine 
threshold current 
Mount sample on the piston and align the facet output with the optical fibre. 
Top up the Essence F in the pressure system 
Ensure the sealing surfaces on both the piston and sealing rings are thoroughly 
cleaned 
Measure the resistance of the Manganin coil and calculate the resistance for each 
pressure. 
Insert the piston into the cylinder and carry out an L-I and measure the wavelength 
on an OSA 
Care must be taken to ensure that the piston does not stick, so the piston must remain 
upright as pressure is initially applied. 
Apply pressure to the system until 2 kbar is reached. Observe the pressure gauges 
and if leakage is observed, increase the pressure to 4 kbar to ensure a good seal. 
Observe the pressure gauges again. If the system still leaks, then the pressure must 
be released and the leak investigated. 
The system must be allowed to settle for approximately 20 minutes per kbar to allow 
for the temperature within the cryostat to stabilise 
Carry out an L-I and measure the wavelength. 
The pressure is increased in steps up to the maximum allowed pressure (8 kbar for a 
nylon seal or fifteen with a Phosphor Bronze ring) 
The pressure is then decreased in steps and measurements of the L-I and wavelength 
carried out to check for hysterisis. 
Back at atmospheric pressure remove the piston and then remove the device. Clean 
the Essence F from the device and carry out a final L-I on a Peltier set-up 
Figure 3.16 Procedural flow diagram for a typical pressure experiment 
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Figure 3.17, Schematic of the hydrostatic pressure system showing the main features 
including the top and bottom piston, conical pins and optical fibre as well as the 
Manganin coil for detecting the internal pressure of the system. 
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Figure 3.18, Schematic of the mouse trap arrangement on the pressure piston 
Figure 3.18 shows a schematic of the mouse trap arrangement used in the pressure system 
designed by the author. It can be seen that the laser is mounted with the facet pointing 
towards the optical fibre. The mouse trap holder can only move at right angles to the optical 
fibre and hence the laser remains in the same plane as the end of the fibre. If the laser current 
is set above threshold, the power output can be measured on a power meter and alignment is 
a simple case of moving the holder until the maximum signal strength is achieved. The 
holder is then clamped in place with the two screws. The current is supplied via two wires 
fed from the conical pins which in turn have wires leading out of the piston along the same 
hole as the optical fibre. 
II 
II 
II 
II 
II 
II 
[11 II 
II 
n-side 
contact 
47 
The transmission spectrum for the essence-F has been measured 47 (figure 3.19) and a small 
absorption band in the 900 - 1000 nm transmission region can be observed, which will 
effect the differential quantum efficiency due to the strong wavelength shift of the laser 
under pressure. For this reason, as well as the unknown pressure dependence and uncertainty 
in collection efficiency, means that measurements of the differential quantum efficiency are 
not carried out in this system. 
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Figure 3.19, Transmission spectra of the Essence F pressure medium 
3.9 Chapter summary 
In this chapter the experimental equipment used in this thesis is explained, with an emphasis 
on how the experiments are conducted and the corrections required to obtain useful 
experimental measurements. The basic mouse trap clip developed by Sweeney ý3 is used 
heavily throughout the experimental apparatus as it has been shown to work extremely well 
over a number of years and provides an extremely versatile method of holding un-mounted 
laser diodes as well as allowing for both spontaneous and facet emission measurements. The 
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clip in its basic form is used on all the experiments conducted. The holder for the pressure 
system was designed by the author to allow for easy alignment of the laser to the fibre and 
hence speed up the measurement times. 
Due to the use of GPIB protocols and LabView programming, it is possible to use a wide 
range of equipment to carry out the experiments. This means that there is no particular item 
of the basic setup shown in figure 3.2 (with the exception of the laser mount, i. e. cryostat, 
spectrometer or pressure system) which was not interchangeable. For this reason, the 
manufacturer and specific model number of each item is not listed but instead is labelled as a 
generic piece of instrumentation, such as current source. 
All of the experiments described in this chapter will be utilised in the following chapters to 
carry out experiments to investigate various physical processes occurring within laser diodes 
such as non-radiative mechanisms, internal and facet temperature and the effect of pressure 
on band gap dependent processes. 
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Chapter 4 
Recombination Processes in 
980 nm QW Lasers 
4.1 Introduction 
High power semiconductor lasers emitting at 980 nm were initially developed as pump 
lasers sources for Erbium doped fibre amplifiers (EDFA) '. EDFAs were developed as in- 
line amplifier systems for long haul network systems amplifying signals at 1550 nm. EDFAs 
have two absorption bands, one at 1480 nm and a second at 980 nm. The 1480 nm pump 
sources are grown using the established InP material based systems whilst the 980 nm are 
GaAs based. Both the 1480 nm and 980 nm pump lasers are used however the GaAs based 
lasers have significant advantages in terms of reduced drive currents, lower noise figures and 
increased temperature stability 5. The temperature stability is expressed in terms of a laser's 
characteristic temperature (section 2.13), To, and for an ideal semiconductor laser where the 
current is entirely radiative, To = T. Although 980 nm lasers have a much higher To (120 K- 
240 K) 48,49,50,51 compared with 1480 nm lasers (-25 - 60 K) 
52 it is still not ideal. A low To 
therefore can be indicative of a loss process occurring within the laser. 
Long wavelength lasers (1.3 µm - 1.5 µm) suffer from a reduced To due to Auger 
recombination 7,8,9,10 whilst shorter wavelength devices (600 nm - 800 nm) suffer from 
thermal excitation of electrons into the indirect X-minima 12,13 which reduces To. 980 nm 
lasers emit at a short enough wavelength that Auger should not contribute significantly to 
the threshold current density and have a sufficiently large Quantum well depth such that 
leakage should also have a minimal effect to the threshold current density. Hence 980 nm 
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emitting devices are often thought of as `ideal' lasers. However, as evident from the 
literature, the To value is still low in these devices Over the past few years there has been 
much debate over the loss mechanism responsible for reducing the To in 980 nm lasers with 
some reports that carrier leakage is responsible for the poor temperature performance 35,53 
whilst others report that it is Auger recombination 54 
In this chapter the recombination processes occurring within commercially grown 980 nm 
lasers (supplied by Bookham Technology) are investigated by measuring the temperature 
and pressure dependence of both the threshold current density and spontaneous emission. 
The devices tested are compressively strained (1.6%) and grown onto a GaAs substrate 
which has two 6 nm wide InGaAs quantum wells with a GaAs barrier and an AlGaAs 
graded-index separate confinement heterostructure with a maximum aluminium content of 
30% (Appendix A). 
4.2 Measuring the threshold current density 
The threshold current density and external differential quantum efficiency, rld, are 
determined from the light - current L-I, measurement as shown in figure 4.1. The threshold 
current density is simply the threshold current (measured as shown in section 2.10) in Amps 
divided by the area of the pumped region (in this case 3µm wide by 1000µm long) in cm2. 
However, because the ridge width is so narrow, the device is likely to suffer from some 
lateral current spreading which means that the threshold current density will be over 
estimated whilst also increasing the To. To ensure an accurate measure of the threshold 
current density, a broad area device was measured, where the width of the pumped region is 
sufficient to reduce the spreading to a negligible amount relative to the pumped width. The 
threshold current density measured from a1 mm long broad area device (ridge width - 100 
µm) is -115 A cm-' per QW, which compares well with values from literature which yields 
values of Jt, per well 52,55 
56 from 100 to 145 A CM-2 . The threshold current density for a 
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ridge laser and a broad area device with identical structures should be identical. However, 
due to the spreading observed in the ridge device they are not. By equating the broad area 
and ridge waveguide Jth (assuming the two threshold current densities are identical), the 
effective ridge width of the 3 µm ridge device (and hence the spreading) was determined to 
be -9 µm. 
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Figure 4.1, Continuous Wave, light - Current characteristics for an uncoated 3 µm 
ridge width 980nm device described in Appendix A. 
When measuring the power output from a laser, an uncoated device will emit light from both 
facets and the measured power from one facet is only half of the total. Antireflection and 
high reflection (AR/HR) coated devices however, will emit the majority of light from the 
AR facet. All the devices in this thesis are uncoated, so the power output is shown per facet. 
Measurements of the threshold current density for these devices indicates that there is 
considerable spreading for the ridge lasers, however the broad area devices have threshold 
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current densities which compare well with literature and enable us to conclude that these 
devices are fairly typical for devices emitting at 980nm. 
4.3 Temperature dependence of the threshold current 
density 
The temperature variation of the threshold current density is measured in order to investigate 
the temperature dependence of the recombination mechanisms present within the devices. 
It can be seen from figure 4.2, that up to -250K the threshold current follows a linear trend. 
Above this temperature, a super linear increase in the threshold current density is observed. 
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Figure 4.2, Threshold current density. A linear trend can be seen below 250K followed 
by a super linear increase above - 250K. 
In order to investigate the super linear increase in Jth we look at the temperature dependence 
of the radiative current. Measurements of the spontaneous emission spectra were carried out 
in order to determine the carrier density dependence of the current flowing through the 
device and hence the temperature dependence of the radiative current. By measuring the 
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spontaneous emission spectra we can look at the carrier density dependence of the threshold 
current. An example of the In(I) vs In( L' 2) at 200 K is shown in figure 4.3. The value of Z 
is measured between 1/3 Ith and Ith to provide consistency in measurements of Z at different 
temperatures. 
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Figure 4.3, Plot of In I vs In L'12 at 200 K, showing the Z=2 fit (solid line) over the range 
recommended whilst the dashed line represents the extrapolated Z= 2 line (3 µm ridge, 
Imm long, 980nm device) 
At low current, a device which has a strong monomolecular recombination contribution will 
have Z=1 dependence since Imono an (section 2.9.1). Fehse et a143 have shown how the 
relative contributions towards the total current can be calculated from this type of plot. There 
is no evidence of a Z=l trend in any of the measurements of Z (80 - 350K) down to 
approximately 10% of Iah and hence it is possible to conclude that this recombination path is 
negligible in our high quality devices. In figure 4.4, Z is plotted as a function of temperature 
for the 980nm devices and the variation of Z with temperature can clearly be seen. 
Below - 250 K the value of Z is -2, indicating that the dominant recombination mechanism 
is radiative. Above this temperature the value of Z can be seen to increase. However, over 
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the temperature range measured, it continues to increase and does not reach a temperature 
where Z reaches a constant value. Although this increase in Z indicates an increase in a non 
radiative path, it does not give any indication whether this is an Auger recombination 
mechanism (Z=3) or a leakage path where Z may be >3. 
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Figure 4.4, Variation of Z with temperature. Below - 250K the value of Z-2 whilst 
above this temperature a steady increase can be observed. 
From the temperature variation of the threshold current it is possible to determine the 
characteristic temperature (figure 4.3). For an `ideal' device where the threshold current 
density is entirely due to radiative recombination, we would expect to see To =T (Equation 
2.31) as shown in chapter 2.13. Figure 4.5 shows that the current behaves in a radiative 
fashion up to approximately 250K. At approximately 250K, it can be seen that the value of 
To reaches a maximum. This maximum is known as the break point temperature, Tb 
43 and 
indicates the point at which non-radiative processes start to influence To. Above this 
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temperature, we see a decrease consistent with an increase in a non-radiative contribution. 
The To value for these devices around RT is approximately 120K. 
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Figure 4.5, The characteristic temperature (solid circles) calculated as a three point 
average. The ideal case, To =T can be seen as a dashed line whilst the break point 
temperature, Tb, is approximately 250 K. 
From the Z measurements we can conclude that the threshold current density below - 250K 
is predominately due to the radiative current. This observation is also seen in the 
measurements of To where we observe a Tb of - 250K with the To decreasing away from the 
ideal To =T (radiative) line after this temperature, down to a value of - 120K at RT. 
If we assume that the low temperature linear variation of Jth (= Jrad) can be extrapolated to 
room temperature, then we may determine the non-radiative contribution. We can see that 
the super linear increase is therefore due to an increase in non-radiative current as confirmed 
from figure 4.4 where a steady increase in the value of Z above - 250K can be seen. 
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The difference between the extrapolated radiative current and the measured threshold current 
density yields a non-radiative current of - 17% at room temperature. 
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Figure 4.6, Threshold current density. A linear trend can be seen below 250K followed 
by a super linear increase above - 250K. Jrad (dashed line)is shown, where the fit below 
250K is extrapolated to higher temperatures. 
We have measured the threshold current density as a function of temperature and measured 
the radiative contribution at low temperatures. From an extrapolation of this radiative current 
to higher temperatures it can be concluded that the super-linear increase observed in Jth is 
due to an increase in non-radiative current contribution, leading to a contribution of - 17% at 
room temperature. 
Although a non-radiative current contribution in these devices has been estimated, it is not 
yet possible to determine whether the loss is caused by Auger recombination or carrier 
leakage. By investigating how the device efficiency varies with temperature, information 
about leakage from the quantum well over the barrier region can be obtained. 
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4.4 Device efficiency 
From the measurements of the L-I characteristics as a function of temperature and device 
length, conclusions about the inherent loss mechanisms present within the laser device can 
be drawn. In section 2.11, it was shown that if rid is determined as a function of cavity 
length, then the values for the internal quantum efficiency, r1;, and the internal loss, a;, may 
be determined. Carrier occupation outside the quantum well decreases the external 
differential quantum efficiency due to the decrease in r1;. By looking at the dependence of 
the differential quantum efficiency (T,, equation 2.24) we can investigate the presence of 
carrier leakage. 
4.4.1 External differential quantum efficiency 
By looking at the dependence of the differential quantum efficiency on temperature we 
would expect to see a decrease in efficiency (low T, ) as the temperature increases if leakage 
or significant temperature dependent losses are present. As the temperature increases, the 
probability of finding more carriers outside the quantum well increase due to the broadening 
of the Fermi function. 
The external differential quantum efficiency can be determined (equation 2.20) from the L-I 
between threshold and approximately twice threshold (before any significant effects due to 
joule heating) as described in section 2.11. Measurements of the power output as a function 
of pump current on figure 4.1, yield a differential quantum efficiency, Ild of - 70 ± 2% at 
RTP. It can be seen from figure 4.7 that the differential quantum efficiency remains almost 
constant between 300 K and 330 K with a slight decrease in efficiency up to 350 K. Taking a 
straight line fit to the data over the whole temperature range a T, value in excess of 1000K is 
found. This is a strong indication that there is negligible carrier leakage over the temperature 
range measured. 
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Figure 4.7, Variation of external differential quantum efficiency with temperature. 
Solid line indicates the calculated fit of T1 
4.4.2 Internal quantum efficiency and internal loss 
Confirmation of our findings can be drawn from the internal quantum efficiency, -q;. The 
inverse of the external differential quantum efficiency against the cavity length, Lcav, (Figure 
4.8) at RT was measured. The dashed line is a fit to the data and yields values for both r1; 
and a;. The internal quantum efficiency is calculated to be -80 ± 10% which compares with 
values from the literature (70% - 95%) 
57 58 whilst the internal loss is -2.5 ± 0.2 cm-' 
compared with 1-3 cm- ' at RT reported in literature 56,59 60 By repeating the measurements 
as a function of temperature, the T dependence of both r1; and c' can be measured as shown 
in figure 4.9. Over the temperature range measured both rl; and a; show little variation 
within the experimental error. 
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cavity length. The dashed line is a fit to the data 
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Vail et al 61 have reported that for Al-free 980 nm lasers, the internal quantum efficiency 
remains relatively stable for temperatures less than - 120 °C. Above this temperature, free 
carrier absorption due to an increased carrier density in the waveguides becomes a problem. 
We can draw similar conclusions to Vail, where the internal quantum efficiency change in 
these devices is marginal; and therefore, that carrier leakage is not a significant problem over 
this temperature range. 
4.5 Measurements of carrier leakage 
In section 4.4 we discussed the possibility of thermally excited carriers occupying the barrier 
layers. If a sufficiently high carrier density exists in this region they may recombine 
radiatively and hence be visible in the spontaneous emission spectra. In order to interpret the 
spontaneous emission spectra, the energies of the heavy-hole and light-hole bands are 
required. The transition energies were calculated from solutions to Schrödinger's equation 
for finite depth quantum wells using a program from Silver 62 and the relevant parameters 
can be found in appendix B. The calculated transition energies can be seen schematically in 
figure 4.10. 
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Figure 4.10, Schematic of the band structure showing the transition energies in both 
the heavy hole and light hole wells. 
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Spontaneous emission measurements were carried out in order to study the effects of barrier 
recombination. Due to the thickness of the substrate between the active region and the n-side 
contact ( -100 µm thick), it is possible that the emitted light from the barrier/SCH to be 
reabsorbed before it can be detected. The emission was therefore collected from the p-side 
contact, which is much closer to the active region (- 5µm), where re-absorption will be 
negligible. Figure 4.11 shows the pulsed spontaneous emission spectra at threshold for the 
broad area devices, over the 300K to 350K temperature range. It can be seen that there is no 
apparent evidence of emission at the GaAs barrier band energy over this temperature range. 
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Figure 4.11, Spontaneous emission spectra plotted as a function of energy between the 
temperatures 300K to 350K in 10K steps. Also shown are the GaAs band Edge and the 
EE1 -HH1 , EE1 - LH1 transition energies at 
300K. 
Lack of emission from the barrier, coupled with a high T, measurement (-1100K) therefore 
indicates that direct carrier leakage into the barrier/SCH region is negligible over this 
temperature range. 
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Having determined from measurements of the differential quantum efficiency and 
spontaneous emission that direct carrier leakage does not appear to occur within the 
measured devices, other methods are required to determine whether indirect leakage of the 
carriers into the X-minima could be the cause of the super-linear increase in Jth. An ideal 
method of measuring indirect leakage is to use hydrostatic pressure. 
4.6 Hydrostatic pressure measurements 
The application of hydrostatic pressure to the 980 nm lasers decreases the splitting between 
the quantum well conduction band, F, minimum and the AIGaAs X-minima. This decrease 
in splitting increases the probability of electron leakage into the X-minima and hence 
increases the leakage current. As well as decreasing the F-X, gap, pressure also increases 
the band gap (I', - F,, ). 
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Pressure measurements were carried out on the 980nm samples, and at each pressure, the 
threshold current and lasing energy were recorded. Figure 4.12 shows the change in lasing 
energy as a function of pressure. It can be seen that as the pressure increases the lasing 
wavelength also increases due to the increase in F-Fv. The measured change of 10.2 ± 0.2 
meV kbar-1 is in good agreement with the variation of the direct band gap (In\Gal_,, As F- I',. 
= (10.7-6.0 x) meV kbar ') 63 which is calculated as 9.8 meV kbar-1. In figure 4.13, It can be 
seen that up to 8 kbar, Iran dominates (where I, ad oc Eg2 from section 2.14). Above this 
pressure, there is an increase in threshold current probably due to electrons occupying 
states in the indirect AIGaAs X-minima. Jth can be expressed in terms of the sum of the 
radiative and leakage currents, Ith = Iad +heak. Where I1eak is expressed as 
'leak = ID exp -d 
(AE) P 
dP kT 
4.1 
Where Io is a constant, k is the Boltzmann constant and T is the absolute temperature. AE 
is equal to the energy separation between the electron quasi-Fermi level and the energy 
of the lowest X-minima. 
In figure 4.13 we plot the measured pressure variation of Jth. From the experimental data 
we can find the variation of the direct band gap, Eg, with pressure from the measured 
change of lasing energy with pressure = 10.2 meV/kbar. X, -r varies in a known manner 
in AlGaAs as -(1.34 + 0.32x) meV/kbar where x is the Al fraction 
40. For an Aluminium 
content of 30% it is calculated that X, -F =-1.4 meV/kbar. From the experimental and 
theoretical values, It can be written that 
d0EdErdE,,. 
_ dP dP dP = 
(-10.2-(1.4))=-11.6 meV/kbar 4.2 
Writing the threshold current as a function of just the radiative current and the leakage 
current (Ith = Irad + I1 ) where I, ad has the ideal band gap dependence and that Ileakhas the 
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form given in equation 4.1, where d0E/dP=-11.6 meV kbar-', we can calculate the 
fraction of leakage at RTP 12 by re-expressing the threshold current as 
Ith('a) 
=(1_K)Irad(P)+K'leak(P) 4.3 Ith (0) Irad 
`0) 
Ileak (P) 
Where K is simply the ratio, Ileak/Iraq at RTP. Using equation 4.1 and 4.2, we can now 
compare the measured threshold current against calculated ratios of leakage at room 
temperature and atmospheric pressure (RTP). 
In Figure 4.15 the measured change in Jth with pressure is plotted together with the 
theoretically expected variation of Jth for different contributions of Jleak at atmospheric 
pressure. The best fit is obtained when the leakage current forms 0.1 % of the threshold 
current at RTP. 
Taking the results from sections 4.4,4.5 and 4.6 It can be concluded that neither direct 
carrier leakage into the barrier regions nor indirect carrier leakage into the X-minima is 
responsible for the super linear increase in Jth with temperature observed in figure 4.6. 
Having shown that leakage is negligible in these devices, investigations into the Auger 
recombination contribution using calculations of activation energies were conducted. 
4.7 Activation energy calculations 
Having shown that there is negligible leakage and therefore assuming that the threshold 
current is comprised of just radiative and Auger current, the Auger recombination activation 
energy 9' 64 can be expressed as 
IQUg = yT 3 exp 
E 
kT 
4.4 
Where y is a constant, and the rest of the expression is derived from equations 2.35 and 2.39. 
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Plotting our data (from figure 4.6) to take into account the temperature terms in equation 4.4, 
the value for the activation energy measured from the linear fit of the gradient in figure 4.15 
is 168 ±1 meV (In figure 4.16, it can be seen that the band offset to the Indirect X-minima is 
511 meV). Calculating the Auger recombination activation energy from equations 2.17 and 
2.18 and using the parameters given in appendix B, for the d-CHCC and the d-CHSH 
processes respectively, we obtain values of 181 meV for the d-CHCC and 155 meV for the 
d-CHSH process. It can clearly be seen that this is consistent with the activation energy 
extracted for the threshold versus temperature data from our sample. 
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Reconsidering the threshold current in terms of the radiative current and Auger 
recombination, such that: - 
Ith =eV(Bn2+Cn3) 4.5 
we may plot how the To is expected to vary with relation to the ratio of the radiative current 
to the threshold current, R. Figure 4.17 shows the plot of To against R for three different 
temperatures. It can be seen that a very small decrease in R, has a very large decrease in the 
measured value of To. Also plotted in figure 4.17 are the measured values of To for the three 
temperatures shown. It can be seen that there is very good agreement between the calculated 
values and the experimental values of To, assuming Auger recombination is the non- 
radiative process 
4.8 The effects of Auger 
modelling. 
recombination on leakage 
In section 4.6 hydrostatic pressure is utilised to study leakage into the X-minima and 
calculated the percentage of leakage based upon the current comprising just radiative and 
electron leakage components. However, in section 4.7 it is shown that the majority of the 
measured non-radiative current at room temperature is composed of Auger recombination. 
In order to accurately calculate the leakage into the X-minima the Auger recombination must 
be included in our calculations. 
At room temperature - 17% of our threshold current is non-radiative (from the temperature 
measurements of threshold current density). Rewriting our threshold current as 
1 
(p)+! 
Y\IAug(p) 
Ith(P) 
_(0.83)Irad 
(p)+ral beak 
Ifh (0) 
rad 
(0) `J Ileak (0) 
Aug 
(0) 
4.6 
where Irad, Ileak and IAug are the radiative current, leakage current and Auger current 
calculated ratios at room temperature and atmospheric pressure (RTP) respectively and 
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the coefficients a and y are the respective percentages of leakage and Auger'9 to make up 
the 17% of non-radiative current contribution. 
By calculating Ileak and IAug, and then varying a and y, the best fit to our pressure experiment 
data can be calculated, as shown in figure 4.19. 
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Figure 4.19. Variation of the threshold current with increasing pressure (solid 
circles) in comparison to the fit calculated with an ATRP of 0.24% leakage. The 
radiative current (Irad oc E. 2) is shown as a dashed line. 
It can be seen that the inclusion of an Auger recombination current has meant that there is a 
larger percentage of leakage than previously calculated (albeit negligible) with our 17% non- 
radiative current contribution now comprising of 0.24% leakage and 16.76% Auger 
recombination at room temperature and atmospheric pressure. This result does not therefore 
influence our previous conclusion that Auger recombination is the dominant process at room 
temperature. 
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4.9 Calculated threshold current density 
Assuming that the threshold current below - 250K is entirely radiative and the threshold 
current above 250 K is composed of both Auger recombination and radiative current, then 
fitting of the threshold current can be undertaken. Using the Auger activation energy of 168 
meV measured in 4.10 and a linear extrapolation of the radiative current, then the threshold 
current at each temperature (Figure 4.20) can be calculated. The Auger recombination 
current shown is simply the total current minus the radiative current. It can be seen that there 
is a very good fit between the experimental data and the calculated data both below 250K 
(radiative current) and above where there is both radiative current and Auger recombination. 
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Figure 4.20, Jth (solid circles) and Jrad (dotted line) as a function of temperature, where 
Jrad is extrapolated from the low temperature (< 200 K) data. The Auger contribution 
is also shown (dashed line) 
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Continuing the analysis onto the characteristic temperature (figure 4.21) the dependence of 
the relative recombination mechanisms can clearly be seen. The carrier density dependence 
of the current measurements, Z, (figure 4.22) are plotted against the calculated ratio of the 
radiative current and Auger recombination and show an excellent correlation between 
measured and calculated values. We may conclude from figure 4.22 that the increase in Z 
observed above - 250K is due to an increase in Auger recombination. 
4.10 Chapter summary 
Commercially grown laser diodes emitting at 980 nm were tested as a function of 
temperature and pressure in order to understand the underlying recombination mechanisms. 
Measurements of the threshold current yielded a room temperature, RT, Jh of approximately 
230 A cm 2, and an external differential quantum efficiency, 11 d, of -70 ±2%. Measuring fld 
as a function of cavity length, the values for the internal efficiency, rl;, and internal loss, a;, 
were calculated from equation 2.23, with the result that r1, - 80 ± 10% whilst a; is 2.5 ± 
0.2cm I, both of which compare well with literature 
56,57,59 Both r and a; are relatively 
temperature insensitive. Evidence of carrier leakage is often apparent in the temperature 
dependence of rld, and when the T1 value is calculated it is found to be in excess of 1000K, 
indicating that there is very little change in the value of rld. Other evidence of carrier leakage 
can normally be found in the p-side spontaneous emission spectra, as carriers in the 
barrier/SCH region can radiatively recombine. Even up to 350K, there is no evidence of 
emission from the GaAs barriers. 
The threshold current density was then measured as a function of temperature, and it was 
found that below - 250K the threshold current behaved radiatively (Jth = Jrad), whilst above 
this temperature there is a noticeable super linear increase in Jth due to an increasing non- 
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radiative contribution, which amounts to approximately 17% of the total threshold current at 
RT. The characteristic temperature, To, can be calculated from the measured values of J, h and 
this yields a RT value of - 120K, whilst the break point temperature of -250 K is in good 
agreement with the onset of the non-radiative processes observed in the threshold current. 
The carrier density dependence of the threshold current was examined as a function of 
temperature, in order to extract a value of Z, the power dependence of the current on carrier 
density (section 2.12). It was observed that a below -250K, Z=2 indicating that over this 
temperature range, radiative recombination was dominant. Above this temperature there is 
an increase in Z, but we find that over the temperature range measured, the value of Z fails 
to reach a constant value. 
Hydrostatic pressure measurements were conducted in order to further investigate the cause 
of the non-radiative recombination. The pressure dependence of the lasing wavelength was 
measured and found to be in good agreement with the expected dependence calculated from 
literature. From this wavelength shift the pressure dependence of the radiative contribution 
can be estimated (Irad oc Eg2) and compared to the measured variation in the threshold current 
with pressure. 
It was found that up to approximately 8 kbar, the measured threshold current appears to 
behave radiatively, above this pressure there is an observed increase indicating an onset of 
leakage current. A fit to Iah (P) suggests that at atmospheric pressure and room temperature, 
this leakage contribution contributes approximately 0.1 % of the threshold current. At RTP 
Calculations of the band splitting show that the Alo. 33Ga0.67As X-minima lies 511 meV above 
the quasi conduction band Fermi- level (as opposed to other X-minima which all lie at 
higher energies). When the activation energy of the two main Auger processes is calculated, 
we find that the values for the d-CHCC and d-CHSH processes are 181 meV and 152 meV 
respectively, whilst the experimental data yields an activation energy of 168 meV, which is 
consistent with Auger recombination. 
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Assuming that the current is comprised predominately of radiative and Auger 
recombination, then the variation of To against the ratio of Imd/Ith =R is plotted. It was found 
that for an R value of -17% (RTP), there is a To value of 120K which is in good agreement 
with the direct calculation of To 
Taking into consideration that Auger is the predominant non-radiative current contribution, 
we re-examined our calculation of electron leakage into the X-minima. By assuming that the 
17% non-radiative current contribution is now composed of both leakage and Auger 
recombination, the X-minima leakage in these devices could be recalculated. The best fit to 
the experimental data yielded an X-minima leakage of 0.24% Iah with an Auger contribution 
of 16.76% ATRP. This result reaffirms our conclusion that Auger recombination is the 
predominant mechanism of non-radiative current at room temperature for our devices. 
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Chapter 5 
Short-period Super Lattices 
5.1 Introduction 
In the previous section, the results from experiments carried out on some `standard' 980 nm 
quantum well devices grown for the commercial market were discussed. The results indicate 
that the lower than ideal characteristic temperature of -120K is a result of an Auger 
recombination processes comprising - 17% of the threshold current at room temperature. 
There has been a great deal of research devoted to the origin of low To of 980 nm 
wavelength devices. The less than ideal behaviour of the 980 nm devices has been attributed 
to both Auger recombination 52 and carrier leakage effects 35,51 
F. Schafer et al. 65 have suggested that electron leakage is responsible for the reduced To 
values. They report on the introduction of a short-period super lattice, SSL, as a method of 
effectively increasing the barrier height by - 100 meV, and the effect it has on the device 
performance. They suggest that between 40 °C and 110 °C, leakage is responsible for a low 
To, whilst above this it is due to the onset of Auger recombination. In order to investigate this 
effect, a study was undertaken on these SSL devices emitting at 980 nm. The basic structure 
of the SSL is achieved by growing regions of alternating GaAs and regions of Al 0.33 Ga 0.67 
As by changing the spacing between the GaAs and the Al 0.33 Ga 0.67 As regions the 
average Aluminium concentration in the waveguide was graded by (0.30 % to 0.15 
Al) 63. A full description of the structure used in the SSL devices is unavailable 
due to commercial restrictions. 
In the following section, the experiments conducted on the SSL 980 nm QW devices 
in comparison with the Bookham `standard' 980 nm devices will be discussed. 
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5.2 Threshold current density 
Measurements of the threshold current density as a function of temperature were 
carried out on the SSL devices and compared against those from the `standard' 
devices. It should be noted that the SSL devices contain a single QW and the 
Standard devices contains two, this means that the SSL device has a much higher 
threshold current density per QW. Figure 5.1 plots both sets of data on the same 
graph. 
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Figure 5.1, Threshold current density as a function of temperature for both the SSL 
devices (solid circles) and the standard devices (open squares) 
It can be seen from figure 5.1 that both sets of devices appear to have almost 
identical temperature dependence above 250 K, although the bump around 200K is 
thought to be due to reduced carrier mobility from the trapping of carriers in the 
super lattice structure and requires further investigation. This feature around 200K 
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will skew the results of any characteristic temperature (To) measurements in the 
central temperature regions, but the high temperature To results should not be 
affected. 
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Figure 5.2, Comparison of the characteristic temperature, To as a function of 
temperature for the Standard devices (open squares) and the devices containing an 
SSL(solid circles) 
Calculations of the characteristic temperature, To, were carried out and are shown in 
figure 5.2. Despite the peak in the data in the central temperature region, it is 
possible to see that around RT the To values are in the same region as those of the 
standard device confirming that both devices have similar temperature dependencies. 
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5.3 Hydrostatic pressure measurements 
The SSL devices supplied are in bar form are cleaved with an average of four 
devices per bar. The ridge widths vary between 50 µm and 100 µm with a 400 µm 
separation. In order to investigate the carrier leakage into the X-minima, hydrostatic 
pressure techniques were used, both at room temperature and (by using a heater 
jacket to raise the temperature within the pressure system) at 60 °C. As leakage is a 
temperature sensitive process (section 2.9.3) and pressure can be used to characterise 
the leakage contribution, they can be utilised in conjunction to quantify the overall 
percentage of threshold current which is composed of leakage. 
Both sets of devices studied have similar structures and therefore it would be 
expected that the lasing wavelength would have the same pressure dependence. 
Figure 5.3 shows the variation of lasing energy with increasing pressure for both sets 
of devices. It can be seen that they have almost identical shift of lasing energy due to 
the similarity of band structure. Figure 5.4 shows the variation of the threshold 
current as well as the calculated radiative current, Irad oc Eg2. It can be seen that the 
threshold current follows the radiative current line closely throughout the pressure 
range indicating that there is negligible carrier leakage into the X-minima. 
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If the results from figure 5.4 are now compared with the threshold current 
measurements with pressure for the standard devices, and the two measurements are 
plotted in the same graph (figure 5.5), the standard devices (as shown in figure 4.14) 
can be seen to have an increasing threshold current above 8 kbar due to leakage into 
the X-minima. whilst the SSL devices, follow the Iran line as would be expected for a 
device without leakage. 
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Loss mechanisms are very temperature sensitive, so by raising the temperature 
within the pressure system it should be possible to aggravate any loss processes and 
measure the change. Fixing a heater jacket to the pressure cylinder, it is possible to 
vary the temperature of the pressure system between RT and 60 °C. Figure 5.6 shows 
the high temperature (60 °C) pressure measurements for both sets of devices. Even at 
high temperature, the SSL devices exhibit no signs of any significant increase in 
leakage into the X-minima whilst the standard devices however show an increase in 
leakage. 
This increase is shown in figure 5.7, where the standard device measurements at both 
temperatures are compared. 
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It is clearly visible that the standard devices have an increase in leakage at high 
temperatures, but this leakage has been shown to be negligible in these devices in 
chapter 4 (different pressure ranges are due to failure of equipment at high pressure 
for the 20 'C measurement). 
A plot of the room temperature and 60 °C results for the SSL devices (figure 5.8) 
show that there is negligible change (within experimental uncertainty) in threshold 
current with pressure between the two temperatures, indicting that carrier leakage 
into the X-minima is negligible. 
5.4 Chapter summary 
Measurements were conducted on 980 nm laser diodes containing a short-period 
super lattice, SSL, designed to reduce carrier leakage. Measurements of the threshold 
current as a function of temperature show that the SSL devices behave almost 
identically to the previously measured `standard' devices. The SSL devices have 
similar temperature dependence and hence similar characteristic temperatures (To = 
112K). Pressure measurements of the threshold current reveal that the SSL appears 
to reduce carrier leakage into the X-minima. This is confirmed at elevated 
temperatures where the standard devices show an increase in leakage, but the SSL 
device threshold current remains predominantly radiative. This is the first direct 
experimental demonstration of leakage suppression in lasers containing SSLs. 
The similarities between the two device performances, reinforces the summary from 
chapter 4 where it is concluded that Auger is the main loss mechanism in our 980 nm 
devices. 
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Chapter 6 
Device Heating and Catastrophic 
Optical Damage 
6.1 Introduction 
In chapter 4, we conducted investigations on the threshold current density, Jth, and 
spontaneous emission on 980nm devices by changing the external temperature. It was found 
that the 980 nm devices suffer from a temperature dependence of Jth resulting in a low 
characteristic temperature, To. This effectively means that there is an increase in Jt, with 
increasing temperature above that expected for an `ideal' device. A change in the 
semiconductor temperature can either be from the ambient temperature or from an internal 
temperature rise due to Joule heating (which occurs when a current is passed through a 
resistive material). This internal heating has the same effect as changing the ambient 
temperature and must therefore be considered during high power operation. 
Catastrophic optical damage, COD occurs in the high power operating regime of GaAs 
based semiconductor lasers14. It is postulated that under high power operation, strong re- 
absorption of the emitted light at the facet causes heating which in turn leads to band gap 
shrinkage. This band gap shrinkage close to the facet will give rise to further re-absorption 
and at the extreme, will cause the facet to reach the melting temperature of the material and 
will result in a catastrophic and irreversible loss of power. 66 An example of an 
InGaAs/AIGaAs laser after undergoing COD can be seen in figures 6.1 and 6.2. The 
probable explanation of this figure is that the semiconductor material close to the facet has 
melted and pushed through the facet coating ruining the mirror in the process. 
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Figure 6.1, SEM image of the laser facet after COD. The ejected material can be seen 
pushing through the facet coating. 
Scanning electron microscope (SEM) images of the devices after COD show that the molten 
region comes from the active region of the laser and corresponds to the area of the near field 
spot size (as shown in figure 6.2). 
Figure 6.2, SEM of the facet for a second device showing the molten region and an 
overlay of the optical mode size. Above the molten region is a flap of the facet coating. 
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The devices shown in figures 6.1 and 6.2 were coated devices with the same structure as the 
devices under test in this thesis and the SEM images were produced by Dr. Richard 
Beanland at Bookham, Caswell, who supplied the devices. 
The actual mechanism behind the processes of COD is still not clearly understood. 
Measurements 14 have shown that the material parameters found in GaAs, such as a 
relatively low thermal conductivity (0.44 W cm-'K-')67 and high surface recombination 
velocity (4x105 cm s-')68, are inducive to COD, whilst in InP, the material parameters14 are 
less favourable for COD to occur with a thermal conductivity and surface recombination 
velocity, SRV, of 0.68 W cm-'K-1 and 5x104 cm s-' respectively. The surface recombination 
velocity is effectively the recombination rate of carriers at the surface. The surface of a 
crystal structure comprises many dislocations in the lattice creating dangling bonds that can 
absorb impurities from the atmosphere creating defect sites which can act as centres for non- 
radiative recombination. Hence the higher SRV in GaAs will mean defect related current 
paths at the surface are likely to be considerably higher than in InP, causing an increase in 
absorption at the facet and increased heating leading to COD. 
Figure 6.3 shows a block schematic of the main processes occurring within a semiconductor 
laser which can lead to COD. It can be seen that there are many possible paths which can 
lead to the onset of COD, but the main mechanism targeted as an area of possible research 
into the COD mechanism using the equipment available at the University of Surrey, is the 
cycle of strong re-absorption of the emitted light at the facet causing heating which in turn 
leads to band gap shrinkage. This band gap shrinkage close to the facet will give rise to 
further re-absorption until it ultimately leads to COD. Considerable work 14,69 has been 
carried out on the gradual degradation process leading to COD. however, it is our intention 
in this chapter to concentrate on the sudden onset of COD failure and its underlying causes. 
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Figure 6.3, Block schematic of the basic processes occurring within a laser which 
contribute to COD (adapted from Eliseev 14). 
In this chapter we will carry out a range of different measurements in order to resolve some 
of the issues associated with the sudden onset of COD such as the temperature rise at the 
facet and the wavelength dependence exhibited in GaAs based lasers. Unless stated, all the 
experiments in this chapter were carried out on 980 nm semiconductor laser with the 
structure shown in appendix A, under pulsed conditions of 10 kHz repetition and 500 ns 
pulse width. The power shown in all the graphs is calculated from the duty cycle and 
adjusted to represent the CW power. 
88 
6.2 External device heating 
With increasing temperature, the decrease of the band gap and increasing contributions from 
non-radiative recombination processes have the effect of increasing the threshold current 
density, Jth. An increase in threshold current density (figure 6.4) is observed due to an 
increasing Auger recombination current at higher temperatures. Figure 6.4 shows the CW L- 
I from 25 °C to 60 °C for a 6µm tapered waveguide 980 nm device with identical growth to 
the devices previously used. The increasing Jth with temperature can clearly be seen. 
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Figure 6.4, CW L-I with increasing temperature (25 °C to 60°C) showing the fixed 
current at which the power measurements for figure 6.5 were taken. 
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In a fixed current regime (dashed line figure 6.4), the increase in Jth causes the power at that 
fixed current to decrease as shown in figure 6.5. Hence for a fixed current, less power is 
achieved at higher temperatures 
6.3 Determining the internal heating. 
In order to understand the limitations to high power operation, the effects of Joule heating 
need to be considered. By measuring the device under pulsed and CW current conditions the 
Joule heating within the devices can be estimated. 
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Figure 6.6 shows the CW L-I at RT and the superimposed pulsed L-I. At any current above 
It,, on the graph, the effect due to the Joule heating can be calculated by comparing the 
current at that point with the current measured from the linear pulsed L-I at the identical 
output power. This increase in current (Al) represents the shift in Ith due to Joule heating. 
From the measurements of threshold increase with increasing base temperature (To 
calculated from figure 6.4) the temperature can be calculated, 
AT=Toln l+ 
Al 
Ith (T, ) 
6.1 
Where AT is the difference in temperatures T, and T2 and assuming that the differential 
quantum efficiency remains relatively constant over the temperature range measured. 
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The second method involves measurements of the lasing wavelength as a function of current 
above threshold. As the current is increased, the Joule heating decreases the band gap and is 
represented by the empirical Varshni relation 
2 
Eg(T)_Eg(0)+ aT 6.2 
ß+T 
Where a and ß are both constant and Eg(O) is the band gap at zero temperature measured 
from the temperature dependence of the wavelength. 
When Eg(O), a and ß are known, then the increase in temperature, T, can be calculated from 
the lasing energy using 
T_ 
AE ± DE2 + 4aß0E 
2a 
6.3 
Where AE is Eg(T) - Eg(OT) and a and ß are from the Varshni expression. Both a (4.85 x 10- 
4 eV K-) and P (179 K) can be estimated from the variation of lasing wavelength with 
temperature, assuming that any band gap renormalisation from increased carrier density is 
minimal due to the pinning of n above threshold, or calculated from the published values for 
GaAs and InAs70 
Figure 6.7 shows the calculated rise in internal temperature where the devices are driven 
CW, using both techniques and it can be seen that there is a reasonable agreement between 
the two methods, although the difference observed is possibly due to the assumption that the 
efficiency remains constant when calculating the temperature rise from figure 6.6. The 
internal temperature rise measured is -140 °C between threshold and 350 mA. Conducting 
an equivalent internal temperature rise for the pulsed measurements (500 ns and 10 kHz) 
utilising the wavelength technique, it was calculated that between threshold and the point at 
which the 980nm devices undergo COD (1400 mA) there is approximately a 10 °C 
temperature rise confirming that Joule heating under pulsed operation is negligible. 
From our measurements shown in figure 6.5, it can be seen that any increase in heating 
within the device will decrease the external differential quantum efficiency and hence reduce 
the output power at a fixed current. 
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Figure 6.7, Internal temperature rise calculated from the pulse comparison method 
(solid triangles) and the wavelength method (solid squares) 
If we now reconsider the graph showing the comparison between pulsed and CW 
measurements (figure 6.6) but include the calculated values of power as a function of Ith, 
assuming that the device has no non-radiative current, i. e. a To of 300K, then from the 
radiative current, it can be seen in figure 6.8 that the device has - 15% more peak power 
than the device with a To of 120K. This has implications for the design of high power 
devices as a device with a high characteristic temperature will yield more peak power than a 
device with a lower To. 
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Figure 6.8, CW L-I for a device with a To = 120K (squares)and a theoretical device 
with a To = 300K (closed circles), Also showing the adjusted pulsed L-I (open circles). 
Having discussed how to calculate the temperature rise in the semiconductor laser and the 
effect of temperature on power output, investigations into the onset of COD within our 
devices follows. 
6.4 Measurements of the COD power density 
Initially, we carried out an L-I experiment on a2 mm long 980 nm device until it underwent 
COD. Figure 6.9 shows the results from this experiment. It can be seen that up to - 500 mA 
the differential quantum efficiency of the device remained almost constant. Above this 
temperature a gradual reduction in the efficiency can be seen and the device undergoes COD 
at - 2600 mA with a power density at COD (PCOD) of -S 10 MW cm -2. Intuitively, it follows 
that as the efficiency decreases, more current will be required to reach the power density 
required for COD to occur. 
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Figure 6.9, L-I graph (500ns pulse, 10KHz duty cycle) showing the point at which the 
device undergoes COD. A gradual reduction in efficiency can be seen leading to a 
reduction in power output. 
Measurements of the facet, using SEM, after the 980nm Bookham devices had undergone 
COD show that it is the melting of the facet which causes these lasers to cease functioning. 
The ability to measure the temperature at the facet is therefore essential in order to 
investigate the processes leading up to COD. 
6.5 Facet temperature measurement techniques 
The temperature of the facet is intrinsically linked to COD, as it is the facet heating which is 
ultimately responsible for the melting of the facet and hence COD. Measurements of facet 
temperature can be carried out by a variety of methods 1: - 
6.5.1 Raman microprobe microscopy 71 
This relies upon measuring the stokes/anti-stokes phonon line intensity ratio from the 
Raman scattering. The technique allows the temperature to be measured as a function of 
95 
distance from the facet, however the technique is relatively slow (- 20 minutes per 
reading) and is limited in accuracy to ± 20K. Also, the high excitation laser power may 
cause heating of the facet, obscuring the actual heating of the facet. The Raman 
microscopy carried out in this technique is effectively a CW measurement and this may 
itself influence the COD process. 
6.5.2 Micro-Photo-modulated Reflectance (µPR) 72. 
PR techniques are well established 73 and this technique relies on focusing the incident 
laser beam onto a very small spot size (-1 p m). Since the facet temperature can be 
related to the change in facet reflectivity, it can be used to monitor the facet temperature. 
This technique is relatively fast (-l second per measurement) and allows 2D mapping of 
the facet, but the alignment of the external laser needs precise positioning. The 
excitation of the laser may also cause increased heating of the facet which needs to be 
taken into account. 
6.5.3 High energy facet electroluminescence74. 
Analysis of the facet emission spectra enables the temperature of the facet region to be 
measured as described in section 2.16 and section 3.6. As the technique measures the 
laser emission directly there are no external heating issues to contend with and one can 
achieve an accuracy of ±4K. The technique is straight forward to conduct but is 
relatively slow (- 30 - 60 minutes per reading). 
In this thesis we used the high energy facet electroluminescence technique due to the 
availability of suitable equipment, further details of the results will be discussed in the next 
section. 
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6.6 Measurement of the facet temperature using high 
energy electroluminescence 
In order to measure and analyse the data, there are several steps required before commencing 
the experiments. The calibration of the spectrometer must be carried out and spectra taken of 
the calibrated light source to allow for spectrometer, optics and detector response (section 
3.6). The laser (1 mm long, 6 µm tapered waveguide) can then be aligned and spectra taken 
as a function of current and base temperature (full spectra shown in figure 3.15). The data is 
plotted as a ln(L/E2) vs E plot as shown in figure 6.10. The gradient of the graph (-1 /kT) then 
yields the facet temperature. 
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Figure 6.10, Example of the In LIE2 vs E derived from the emission spectrum just 
above threshold (70 mA) under pulsed conditions. The linear fit to extract the gradient 
(39 (6)) is also shown, as is the facet temperature (25° (4)C). The numbers in 
parenthesis indicate the uncertainty. 
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Figure 6.11, Comparison of the base temperature against the measured facet 
temperature at a pulsed current just above threshold (-1.2 Ith) for each temperature. 
In order to verify that the temperature measured corresponds to the facet temperature, the 
base temperature is changed, then a spectrum is taken with the pulsed current just above 
threshold (- 1.2 Ith ) for each temperature. 
If the measured facet temperature and base temperature are similar, then confidence in the 
readings is improved. Figure 6.11 shows there is good correlation between the temperature 
of the base and the facet temperature just above threshold (before any observable internal 
heating occurs), hence improving confidence in the measured temperature. 
Once the experiment is correctly set-up and the confidence in the facet temperature has been 
assessed via the base temperature readings, it is then possible to look at the facet temperature 
as a function of current close to COD. The current is raised incrementally, taking readings of 
the current, power and spectrum (to calculate the facet temperature) at every current step. 
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before COD (1400 mA). The dashed lines are the linear fit to the data from which we 
can calculate the temperature of the facet. The numbers in parenthesis indicate the 
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Figure 6.12 shows the plot of ln(L/E2) vs E at both low current (just above threshold ) and 
before COD (- 1400 mA for a1 mm long device). The graph is very linear for both currents 
shown, indicating confidence in the measured temperatures. 
When the results of the previous experiment are plotted as a function of facet temperature 
against current, It can be seen (figure 6.13) that the facet temperature below -200 mA 
remains stable around the base temperature indicating no significant heating is occurring. 
Above -200 mA the facet temperature rises fairly sharply up to -1200 mA. Above this 
current the increase starts to slow down, probably due to a decrease in the external 
differential quantum efficiency. The last current measured (1400 mA) has a calculated facet 
temperature of -1230°C ±5 
°C. The next increment in current above this point caused the 
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device to undergo COD which is consistent with the melting temperature of GaAs (1240 °C 
at RTP). 
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Figure 6.13, Facet temperature as a function of current. The base temperature is 
shown as a solid line. Below - 200 mA the facet temperature and base temperature are 
comparable. Above this the facet temperature rises steadily up to the GaAs melting 
temperature -1240 °C 
Due to the short pulse lengths, the dissipation of heat into the bulk of the laser is minimised, 
however, the localised region near the facet experiences a certain amount of heating due to 
thermal conduction before the next pulse arrives. This conduction means that the technique 
is measuring an average temperature due to the absorption length of the material. 
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6.7 Facet temperature dependence on base temperature 
The devices tested undergo COD under high power operation and it has been shown that the 
power of the device at a fixed current decreases with increasing temperature. By measuring 
the facet temperature rise up to COD as a function of base temperature, the effect that base 
temperature has on the power and facet temperature (and hence COD) can be investigated. 
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Figure 6.14, Power per facet as a function of pulsed current for all three base 
temperatures. With increasing current, the power at a fixed bias decreases. 
To investigate the effect that the base temperature has on the heating of the facet, 
experiments were carried out at three different base temperatures, 22 °C, 45 °C and 65 °C 
and under pulsed conditions (500 ns, 10 kHz repetition). 
The initial experiment was to measure the power with increasing current at all three 
temperatures. It can be seen from figure 6.14 that as the base temperature is increased, the 
power at a fixed bias current decreases. The device was driven to just below the COD 
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threshold for the room temperature measurement and up to the maximum current (-1.6A) 
obtainable with the voltage source used for the other two temperatures. 
A decrease in power with increasing temperature would imply that for a fixed current the 
facet heating should be lower at elevated base temperatures, leading to the device 
undergoing COD at a higher current. 
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Figure 6.15, Measured temperature (facet - base) plotted against increasing pulsed 
current for three different base temperatures 
It can be seen that in figure 6.15, the measured temperature at a fixed bias current is lower 
for an increased base temperature. Hence a higher current will be required to drive the 
device COD. 
Re-plotting the data from figures 6.14 and 6.15, we can study the relationship that the power 
has on the facet heating. The results of facet heating against the power measured are 
presented in figure6.16. 
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Figure 6.16, Measured temperature (facet - base) plotted against measured power per 
facet for three different base temperatures 
In figure 6.16, the increase in temperature as a function of power is plotted. It can be seen 
that the rise in facet temperature is almost identical for all three sets of data indicating that 
although the base temperature has a big effect on the actual current at COD, ICOD, it is the 
power output which dictates the facet temperature. 
6.8 Investigation of the wavelength dependence of COD. 
GaAs based devices emitting around 980 nm have been shown to suffer from COD 14,67,69.75 
whilst long wavelength InP based devices emitting at the silica fibre absorption minima of 
1310 nm and 1550 nrn do not appear to suffer from COD, however, there have been few 
experiments on COD in long wavelength systems as they are unable to reach the high 
powers required, mainly due to thermal rollover caused by intrinsic inefficiencies within the 
material system. 
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6.8.1 Material dependence of COD utilising temperature. 
There are no recorded instances of long wavelength InP based devices suffering from COD, 
but is this due to material issues (SRV and thermal properties) or is it intrinsically due to the 
wavelength? To investigate the wavelength dependence of long wavelength InP based 
devices, a 1480 nm InP based device (structure in Appendix C) was chosen and an attempt 
was made to drive it COD. From the room temperature experiments on these devices it is 
known that they suffer from large Auger recombination losses and the efficiency rolls over 
under high currents due to Joule heating, reaching a maximum power of 430 mW. 
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Figure 6.17, Power density plotted with increasing current at 77 K for 1480 nm InP 
based laser (appendix C) 
Under conditions of high efficiency (cryogenic temperatures) where Joule heating will be 
reduced and the current is predominantly radiative, it should be possible to exceed the power 
density that appears to limit the GaAs devices if the limitation is indeed material related. 
Figure 6.17 shows the L-I graph of the experiment. The InP device was driven in excess of 
1000 times the threshold current with calculated power densities in excess of 17 MW cm-2 
(assuming a mode size consistent with the lasing energy and the waveguide width) without 
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COD occurring. This high power density would seem to confirm that the growth material is 
important for the prevention of COD; however, there is still no evidence to prove that this is 
not simply due to the change in lasing wavelength. To confirm any effect that the lasing 
wavelength has on the occurrence of COD would require a technique which could measure 
PCOD irrespective of material properties whilst changing the operating wavelength. Applying 
hydrostatic pressure (section 2.14) offers this possibility. 
6.8.2 Wavelength dependence of COD on 980nm lasers utilising 
hydrostatic pressure 
The devices to be tested (2 mm long with a6 µm tapered waveguide) were initially placed in 
the pressure system at RTP and L-I's (figure 6.18) taken in order to ensure that the devices 
were all nominally identical (any which deviated significantly were not used in the test). 
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Figure 6.18, Comparison of pulsed, L-I graphs whilst in the pressure system at 
RTP for the 980nm devices under test. 
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The lasers were then placed one at a time in the pressure system and pressure applied as 
described in section 3.6. Each device was driven under pulsed conditions (500 ns, 10 kHz) 
until they underwent COD. The experiment was carried out at seven different pressures (and 
hence wavelengths) and repeated for three of those pressure (0,3 and 4 kbar). Figure 6.19 
shows the results from the pressure experiments. It can be seen that the current at which the 
device undergoes COD, ICOD, decreases rapidly with increasing pressure and hence 
increasing band gap. 
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Figure 6.19, Current at which the device underwent COD (IcoD) as a function of 
increasing band gap 
The decrease in ICOD with increasing band gap is approximately 30% over the pressure range 
measured. This range corresponds approximately to a 60 nm shift in wavelength (- 80 meV). 
Considering the change in power emitted from the device (assuming that the efficiency of 
the devices remains constant under pressure) it can be seen from figure 6.20 that the power 
at COD decreases by approximately 25 %. 
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Extrapolating the measured change in power density (assuming a fixed mode size), to both 
higher and lower wavelengths it would be expected that PCOD - 31 MW cm "' for the 
1480nm wavelength devices and PCOD -3 MW cm -2 for devices operating around the 800nm 
wavelength. Results from literature 76 however show that at - 800 nm the power density is in 
the region of -8 MW cm-2 and our own measurements on 1480nm devices yield (fig. 6.17) 
PCOD - 17 MW cm -2, so we conclude that the observed decrease in power (figure 6.3) is a 
pressure dependent process. 
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Figure 6.20, Power measured before the device suffers from COD as a function of 
increasing Pressure (and hence band gap) 
In order to investigate the intrinsic changes created by the pressure system the variation of 
several parameters as a function of pressure were investigated. 
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6.8.3 Pressure dependence of GaAs melting point 
From appendix 1, it can be seen that the quantum wells are insignificant in width to the rest 
of the active region, so the optical mode is predominantly overlapped with the GaAs 
barriers. 
GaAs material parameters are therefore used when investigating any material dependences 
of the facet region of the active region. 
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Figure 6.21, Melting point of GaAs as a function of pressure 
The temperature at which the facet melts is dictated by the GaAs melting point of 1513 K 24 
As pressure increases however, the melting point, Tm, of GaAs decreases with a rate 24 of 
T,,, =1513-3.5P (K), where P is the pressure in kbar. This melting point temperature is shown 
in figure 6.21 and can be seen to decrease by - 2% over the pressure range tested. It can be 
concluded, therefore, that with increasing pressure the current, and hence power, at which 
the devices undergo COD with increasing pressure should decrease due to the lower GaAs 
melting point. In figure 6.16, we observe that near COD, a small increase in power results in 
a large increase in temperature. From figure 6.21, we observe that the melting point of GaAs 
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exhibits a minimal decrease with increasing pressure. Hence we can conclude that the 
observed decrease in power at COD (figure 6.2) is not likely to be due to the melting point 
temperature change. 
6.8.4 Pressure dependence of the optical confinement factor 
The power output can be expressed as a power density, i. e. the power flowing through the 
facet per unit area, for COD in semiconductor lasers the power density is usually expressed 
in MW cm-2. The power density is dependent upon the mode size at the facet, which, for 
semiconductor lasers, is determined by the ridge or stripe width and the vertical diffraction 
of the mode. The latter of these is determined by the size of the optical waveguide, which is 
typically designed to be comparable to the emission wavelength. The overlap of the optical 
wave with the quantum wells is described by the optical confinement factor ( F). 
The optical confinement factor describes the overlap between the optical wave and the 
quantum wells. When hydrostatic pressure is applied to a semiconductor laser it decreases 
the lasing wavelength whilst having little effect on the optical length of the waveguide. The 
optical thickness of the active layer remains almost constant whilst the emission wavelength 
of the device decreases due to the increasing band gap. This has the effect of increasing the 
overlap, and hence, IF increases with increasing pressure. 
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Figure 6.22, diagram of optical mode showing how the width is dependent upon the 
waveguide and the height is related to the optical confinement factor. 
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To a reasonable approximation, the near field distribution of the lasing mode can be 
described in terms of an ellipse with a vertical dimension ocr-' and a horizontal width which 
is approximately fixed by the width of the ridge or stripe (figure 6.22). Thus, the modal area 
is or-F-1. An example of the near field pattern for a 3µm straight ridge, 980 nm device 
measured at Bookham Caswell, is shown in figure 6.23 where we can see that the near-field 
beam pattern at - twice threshold is elliptical and measures approximately 4 µm x 1.5 µm. 
10 µm 
A 
---------------------------------410. 
10 µm 
Figure 6.23, Measured near field intensity at - twice threshold. Horizontal axis is cc 
ridge width, whilst the vertical axis is ocl-' 
Clearly this analysis relies on the beam profile remaining almost constant with increasing 
current and it can be seen from figure 6.23 that the beam has an elliptical shape, and 
measurements conducted at higher currents showed that there is no significant expansion of 
the mode size at high currents. 
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6.9 Pressure dependence of the power density at COD 
The change in mode size with increasing pressure (or temperature) can be calculated for the 
complete structure (quantum wells, barriers and cladding) using the effective index's 
method. This method effectively solves the wave equation for a multi-layer structure and 
determines the `average' refractive index as experienced by the optical field as a whole. The 
calculations were carried out by S. J. Sweeney. 
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Figure 6.24, Power density at COD as a function of pressure. The dashed line 
represents no change in PCOD with pressure. 
Plotting the power density at COD, with increasing pressure, but taking into account the 
calculated change in mode size, (figure 6.24) we can see that the resulting graph gives 
almost no change in power density with increasing pressure. It can be concluded therefore 
that the decrease in ICOD and power observed is due to the change in mode size with 
increasing pressure. This result is in agreement with Henshall 78 who reported that the peak 
power at COD increases as near field width increases. 
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6.10 Strategies to increase power density at COD 
There have been many strategies devised14 to increase the power density at COD of 
semiconductor lasers. All of the schemes listed in this section rely the same basic 
techniques, either reducing the surface recombination velocity, SRV, or `facet load off, which 
reduces the local intensity for the same output power. Many of the strategies put forward are 
complementary. The strategies can be broadly split into different groups: - 
6.10.1 Material strategies 
By altering the material of the active region it is hoped that SRV can be reduced. The 
inclusion of Aluminium in the active region creates dangling bonds at the surface 
which can act as defect and oxidation sites. Removing the Aluminium will reduce the 
SRV and lead to a reduced oxidation of the facet. The inclusion of Indium in the active 
region will also reduce the SRV as well as helping to prevent defect formation at the 
semiconductor surface. Solutions to these problems include Al free lasers such as 
those based upon the InGaAsP/InGaP79 80 81 and by introducing extra Indium in the 
InAlGaAs 82 based semiconductors. 
6.10.2 Structure 
There are various methods of changing the structure of the device in order to improve 
the power at COD including growth of window regions and junction rollout. 
The inclusion of window regions over-grown or deposited on the facets of the 
semiconductor laser has been shown to have a big effect on PCOD with increases of 2- 
4 times the power at COD reported83. These regions can be grown in a variety of 
methods such as epitaxial re-growth of the semiconductor material over the facets or 
by deposition of different semiconductor materials (such as ZnSe14) upon the facet. 
Such methods are often called Non-Absorbing Mirrors (NAM) and rely upon the 
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material on the facet having a larger band-gap than the bulk, and hence reduced 
absorption. Another method involves stopping the junction from forming at the facet, 
either by selective diffusion or by inserting `bent' junction sections, although the latter 
method leads to increased optical losses due to additional scattering of the laser 
emission. 
6.10.3 Passivation and coating 
These two subjects have been linked because they are invariably used in tandem. 
Passivation, such as wet etching and sulphur treatment 84 remove any traces of oxides 
from the facet and are usually conducted in vacuum. The device is then coated under 
vacuum to provide a defect free facet beneath the coating. The coating has also been 
shown to have a strong effect on COD, with treatments like the E285 coating employed 
by Bookham Technology (Zurich) which has (along side the vacuum passivation) 
increased the power density at COD86 to > 100 MW cm-2 for a device emitting at 980 
nm. 
6.10.4 Facet load off 
By designing a system which can reduce the local intensity whilst keeping the same 
output power, it is possible to increase the power at COD. Facet coatings and non- 
absorbing mirrors (NAM)87 can be used to disassociate the mode from the facet, but 
wave-guiding is more normally used and is created by using tapered and bent 
waveguide designs2. Tapered and bent waveguides88 rely on increasing the mode size 
whilst keeping the output power constant by expanding the mode along the length of 
the laser. 
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6.11 Chapter summary 
The chapter started by investigating the effects that Joule heating has upon high power 
semiconductor lasers. It was found that with increasing external temperature the power 
output at a fixed current decreases. We then went on to investigate methods of calculating 
the internal rise in temperature caused by Joule heating and the effect that this has on power 
output. As the Joule heating occurs, the power output at a fixed current will decrease. The 
temperature rise due to Joule heating under CW conditions were significant (-140 °C over 
350 mA), however, under pulsed conditions the bulk temperature rise is approximately 10 °C 
up to the point at which the device fails due to COD. The effect of non-radiative contribution 
is studied in relation to the power output under CW conditions. It was found that the power 
at a fixed current is higher for devices with a high To which has implications for the design 
of high power devices. 
The underlying mechanisms of the COD process were reviewed and the relative differences 
between GaAs and InP based devices were discussed. Initially, a single 980 nm GaAs based 
device was chosen and electrically pumped until it went COD. The onset of COD is 
intrinsically linked to the facet temperature, where it is the heating of the facet material to 
melting point which causes the mirror damage. A direct measure of the facet temperature 
was developed at the University of Surrey 41,42 which enables the measurement of the facet 
temperature under a range of different conditions. The COD dependence upon base 
temperature was investigated using the high energy facet electroluminescence. A series of 
nominally identical devices were tested up to COD at different base temperatures and the 
effect on the facet temperature and power outputs were measured with increasing current. It 
was found that close to COD, the temperature of the facet was- 1230 °C ± 10 °C compared 
to the melting point of GaAs of 1240 °C. The temperature was found to rise at a steady rate 
and this is attributed to a general heating of the region immediately behind the facet due to 
the dissipation of heat into the device. 
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The base temperature was found to have a big effect on the current at which the devices 
underwent COD but when the facet temperature was measured as a function of power 
output, all three temperatures measured (22,45 and 65 °C) appear to have a nominally 
identical dependence indicating that the output power is the important factor. The increase in 
current to COD seen at elevated temperatures is due to the decrease in power output at 
higher base temperatures. 
Reports from the literature 14,75,81,89 90 would seem to indicate that there is a strong 
wavelength dependence of COD with short wavelength GaAs based devices (600 - 800 nm) 
undergoing COD at low power densities75 (< 8 MW cm-2) whilst long wavelength InP based 
devices do not appear to suffer from COD at all. In order to investigate the wavelength 
dependence, a 1480 nm InP based device was driven COD at cryogenic temperatures in 
order to overcome the Joule heating which causes thermal rollover at room temperature. It 
was found that this device did not undergo COD even at -1000 x Ith and power densities of 
17 MW cm-2. The thermal conductivity is much higher for InP based devices helping the 
facet to transmit heat away from the surface whilst the InP surface recombination velocity is 
approximately two orders of magnitude lower than for GaAs which will mean a lower 
population of surface defects to trap carriers and reduce surface heating. The much higher 
measured power density indicates that these material properties play a large part in COD. 
To test the devices independently of material parameters such as facet quality or growth 
quality fluctuations, we took a series of nominally identical devices and drove them to COD 
at different pressures and hence wavelengths. It was found that with decreasing wavelength 
there was a strong decrease in the power immediately before COD. When the power at COD 
is plotted, a decrease of - 25% over the wavelength range tested (- 60 nm) was measured, 
however, for COD it is the power density and not just the measured power which is 
important. In the facet temperature experiments the optical confinement factor is 
approximately constant over the temperature range tested (from the confinement factor 
modelling) and hence the power and power density directly scale, however. the confinement 
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factor changes under pressure and has a dependence on the mode size (-j ocI'-'). When the 
change in mode size is taken into account due to the change in confinement factor, there 
appears to be no discernable difference in the power density at COD over the wavelength 
range studied. 
If there is no intrinsic wavelength dependence then it can be concluded that the difference in 
COD power densities reported in literature 14,75,81,88,89 must be due to the material 
constraints imposed to reach the different wavelengths. In particular we note that facet 
passivation and coating, E2 84, employed by Bookham Technology (Zurich) has increased 
the power density at COD85 (> 100 MW cm-2). This passivation and coating reduces the 
probability of defect sites forming at the facet and hence reduces the surface recombination 
velocity. 
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Chapter 7 
Thesis Conclusion and Further Work 
7.1 Introduction 
Good quality, high power 980nm semiconductor lasers are currently produced by industry, 
however, whilst there are many techniques to increase the power output, the underlying 
physics behind high power operation in semiconductor lasers is still not clearly understood. 
To investigate the limitations of high power operation, it is essential to identify the physical 
processes occurring within the laser devices and in this thesis, we have investigated the non- 
radiative recombination mechanisms responsible for the reported low characteristic 
temperature, To, found in semiconductor lasers emitting at 980nm. The limitations to high 
power operation at different wavelengths were then studied. The conclusions drawn from 
this thesis will hopefully enable industry to propose new methods of increasing power output 
across a range of wavelengths, essential in the expanding markets for high power lasers from 
short wavelength storage systems to long wavelength pump lasers. 
7.2 Thesis review 
After a short introduction in chapter 1, chapter 2 explains some of the basic concepts behind 
semiconductor lasers and the physical processes occurring within the laser devices. Chapter 
3 then describes the measurement techniques required for the characterisation of the devices 
investigated in this thesis. 
Initial experiments on the Bookham 980nm laser devices (chapter 4) established that the 
room temperature threshold current density, Jth -115 A cm"2 per QW, is in reasonable 
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agreement with published values of similar devices, establishing that these devices are 
typical. The temperature variation of Jth shows a linear region below -250K with a super- 
linear increase above this temperature. The carrier density dependence of Ith is measured and 
the measured values below 250K are indicative of a dominant radiative current (Z = 2). 
whilst above 250K the values of Z increase, indicating an increase in non-radiative 
recombination which is consistent with the temperature variation of the threshold current 
density. The characteristic temperature, To, was calculated from the temperature variation of 
the threshold current density and shows that the break point temperature, Tb, is consistent 
with the onset of the non-radiative contribution as previously measured by the carrier density 
dependence of the threshold current and threshold current density. The room temperature 
characteristic temperature is much lower (To = 120K) than would be expected for an ideal 
device operating at 980nm. Taking into account the evidence that the current below -250K 
is predominantly radiative, it is then possible to extrapolate the radiative current to higher 
temperatures. When the extrapolation is conducted, it is found that - 17% of the total 
threshold current density at room temperature is caused by non-radiative recombination and 
this is the cause of the super linear increase of the threshold current density with temperature 
and correspondingly To. 
Some previous papers35'5' have ascribed the low To values in 980 nm lasers to thermal 
leakage of electrons out of the quantum wells, so it is here that we started our investigations. 
From our L-I measurements we measure the external differential quantum efficiency (- 70 ± 
2%). By looking at the temperature dependence of the differential quantum efficiency, we 
would expect to see a decrease in efficiency (low T1) as the temperature increases if leakage 
is present as the temperature increases the probability of finding more carriers outside the 
quantum well due to the broadening of the Fermi function. The measured T1 for our devices 
was in excess of 1000K indicting that there is only a slight decrease in efficiency with 
increasing temperature. This is confirmed by the temperature variation of the internal 
quantum efficiency and internal loss, where we again observe very little change with 
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temperature. Direct observation of thermal leakage into the barrier region is possible by 
observing the spontaneous emission spectra and looking for emission from the barrier 
material. By measuring the spontaneous emission spectra from the p-side contact we 
confirmed that there was minimal absorption by the substrate material. We observed no 
emission from the barrier material even at higher temperatures, confirming that thermal 
leakage into the barriers was not our main non-radiative current. 
Short wavelength devices suffer from leakage of the electrons into the indirect X-minima, so 
to investigate the probability of X-minima leakage into the AlGaAs cladding in our 980nm 
devices, we utilised hydrostatic pressure to decrease the conduction band - X-minima 
splitting and measure the threshold current and wavelength as a function of pressure. From 
the lasing wavelength shift we estimated the pressure dependence of the radiative 
contribution and compared it to the measured variation in the threshold current with 
pressure. Up to approximately 8 kbar, the threshold current appears to behave radiatively, 
However, above this pressure there is an observed increase in the threshold current 
indicating an onset of leakage current. A fit to Ith (P) suggests that at atmospheric pressure 
and room temperature, this leakage contribution is negligible. 
Calculations of the band splitting show that the lowest Alo. 33Ga0.67As cladding X-minima lies 
511 meV above the quasi conduction band Fermi- level, whilst calculations of the activation 
energy assuming only direct leakage yields an activation energy of 260 meV. When the 
same calculation is carried out for the activation energy of the two main Auger processes, 
we find that the calculated value for the d-CHCC and d-CHSH processes are 181 meV and 
152 meV respectively, whilst the experimental evidence yields an activation energy of 168 
meV, which is consistent with Auger recombination. Assuming therefore that Auger 
recombination is the cause of the low To, we calculated the expected values for the 
characteristic temperatures at 250K, 300K and 350K and found a very good agreement for 
an Auger recombination contribution of 17% at room temperature. 
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Having shown that at Jth our devices comprise of radiative, Auger and a negligible amount of 
leakage, we refitted the threshold current versus pressure data to include all the 
recombination paths and found the best fit was for a leakage current of 0.24 ± 0.01 % with 
Auger recombination comprising the rest of the 17% percent non-radiative current. Hence, 
we can conclude that Leakage is negligible, and the main non-radiative contribution at room 
temperature is due to Auger recombination. 
Chapter 5 utilises the same experimental techniques as chapter 4 to study a different 980nm 
semiconductor laser device with a Short-period Super Lattice, SSL, included in the growth 
structure. An SSL was included into the devices to reduce thermal leakage of electrons out 
of the quantum well and hence increase the characteristic temperature of the device. We find 
that the threshold current density and hence characteristic temperature of the SSL devices, in 
comparison with our previous 980nm devices from Bookham Technology, are almost 
identical at room temperature. To investigate the effectiveness of the SSL structure at 
reducing leakage, hydrostatic pressure experiments were carried out. At room temperature, 
the SSL device appeared to show no signs of leakage, compared to our previous devices 
which exhibited signs of leakage for an RTP leakage current of 0.24%. Increasing the 
temperature to 60 °C, we observed that the leakage in the Bookham device had a stronger 
pressure dependence, (as would be expected due to the temperature dependence of leakage), 
but the SSL device still exhibited no signs of leakage. We conclude that the SSL does indeed 
stop thermal leakage out of the quantum well, however, our results show that Auger 
recombination is responsible for the high Jth and low To and hence SSLs are not effective in 
980nm lasers. 
Investigations of high power operation were carried out in chapter 6. A brief introduction 
into catastrophic optical damage, COD, is given, followed by discussions on the material 
and wavelength dependences observed in literature. 
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We started the experiments by measuring the decrease in power output at a fixed current 
with increasing temperature (-0.15 mW K-'). The internal heating (- 140 °C over a 350 mA 
current range CW) is then measured and two methods of determining the internal 
temperature are explained. For our pulsed measurement we calculated that there is - 10 
°C 
rise between threshold and COD (-4400 mA). For a fixed current, we then show how a 
device with a high To (300K) will give a higher power output, than a device with a To of 
120K, and discuss its importance for device design. 
The next step was to drive one of the Bookham Technology devices until it underwent COD 
and measure its power density. We measured a 2mm long 980nm device which went COD at 
2600 mA with a power density at COD (PCOD) of - 10 MW cm -2. This power density is in 
good agreement with other values published in literature. High quality semiconductor lasers 
should be relatively free from defects in the material (confirmed by the lack of Z=1 in the 
carrier density dependence of the threshold current measurements), and hence the main 
cause of COD in our devices will be from the facet. This is confirmed for our devices with 
SEM images carried out at Bookham Technology, Caswell. Using high energy facet 
electroluminescence we measured the facet temperature during an experiment to drive a 
device COD. We observe a good correlation between the facet temperature and the melting 
point temperature of GaAs (1240 °C at RTP) just prior to COD. We observe a steady 
increase in facet temperature, without the sudden increases reported for other temperature 
measurement methods. 
For our investigations into facet temperature we ran a series of experiments into power 
output and facet temperature as a function of current. We carried out measurements at three 
different base temperatures, 22 °C, 45 °C and 65 °C and under pulsed conditions (500 ns, 10 
kHz frequency). The experiment into the effects of base temperature on power output 
showed that for a fixed current, the power output is highest for the lowest temperature (22 
°C), and decreases with increasing temperature. The facet temperature (or more precisely, 
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measured facet temperature - base temperature) is seen to increase with increasing current as 
previously discussed. The effect of heating the device (base temperature) is to reduce the 
facet temperature for a fixed current. We then examined the facet temperature as a function 
of power output and find that all three temperatures yield remarkably similar curves. This 
indicates that although the base temperature has a big effect on the actual current at COD, it 
is the power output which dictates the rise in facet temperature under pulsed operation. 
In our discussion of COD at the start of the chapter, we briefly discussed that COD is mainly 
observed in GaAs based devices and not InP based devices. There are important differences 
in the material properties and InP based devices suffer from large Auger recombination 
losses and thermal rollover due to Joule heating at room temperature. At low temperatures, 
the InP devices have minimal Joule heating and reduced Auger recombination; hence the 
ideal conditions to test for COD. An InP based device emitting at 1480nm was cooled down 
to 77K and COD experiments conducted. We increased the current to -1000 times the 
threshold current and a measured power density in excess of 17 MW cm-2 (assuming a mode 
size consistent with the lasing energy and the waveguide width) without COD occurring. 
This result suggests that the difference in peak power at COD at different wavelengths is 
related to the difference in material parameters for the GaAs and InP materials. 
To investigate the wavelength dependence of COD we utilised hydrostatic pressure, which 
allows us to alter the band gap without the requirements of growing many different 
structures. A series of nominally identical devices were selected and then each device was 
taken to a different pressure and pumped with increasing current until they underwent COD. 
Measurements of the current at which the devices undergo COD, ICOD, as a function of band 
gap, show a strong decrease (- 30%) in ICOD over an increase of - 80 meV in band gap. 
Investigations of the power output at COD, PCOD, as a function of band gap, measures a 
decrease of - 25% in power output at COD over the same band gap change. Power density is 
usually calculated assuming a fixed mode size, however, our calculations have shown that 
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for an increase in pressure, we predict an increase in the optical confinement factor (I') and 
hence a decrease in mode size. When we plot the power density versus pressure, where we 
have taken into account the change in mode size, we observe almost no change in power 
density at COD with decreasing wavelength indicating that there is a strong correlation 
between mode size perpendicular to the junction and power at COD. 
7.3 Future work 
Comparative studies with the best commercially available devices would have been 
extremely useful as the device design has very strong effects on the non-radiative 
recombination rates at 980nm. Further insights into device design will enable industry to 
increase the characteristic temperature of devices emitting at 980nm and hence the 
maximum power output. 
In the Short-period Super Lattices (SSL) investigated, we observed a peak in the threshold 
current density at - 200 K which we assume is down to carrier mobility within the SSL. The 
cause of this peak offers an interesting area of further investigation, as it may be possible to 
utilise the effect to artificially increase the To, albeit at the cost of an increased threshold 
current density. 
The area of most interest is the measurements of facet temperature to further our knowledge 
of catastrophic optical damage, COD. Thermal modelling, to investigate heat flow in the 
facet region is required to complement measurements of the temperature prior to COD, 
whilst measurements of the high power devices (- 100 MW cm-2) now being sold from 
Bookham Technology, Zurich, would also prove useful for comparison. 
Quantum dot devices also show good promise9' 92 for an increase in power output before 
COD due to the low cross section of the absorbing region at the facet, and these would also 
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make an ideal investigation for the facet temperature measurements. By understanding the 
basics of the COD process, it should be possible to further increase the power density of 
980nm devices, enabling the design of more powerful devices operating at a lower current 
density without the risk of undergoing COD. 
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Appendix A 
Material composition for the Bookham 980nm laser devices. 
Material 
Comp. MoIc. Fraction. % 
Al (± 2%) 
Thickness (A ± 5%) Doping(cm 3) 
GaAs 50 p (Zn) 
Graded 30 =0 500 p (Zn) 
AIGaAs 30 2500 p (Zn) 2 
Graded 15 30 900 
GaAs 50 
InGaAs 21 60 
GaAs 180 
InGaAs 21 60 
GaAs 50 
Graded 30 = 15 900 
AlGaAs 30 2500 n (Si) 
Graded 0 30 5800 n (Si) 
GaAs 50 n (Si) 
Graded 30 =0 500 n (Si) 
Appendix B 
Listed in the following table (Figure A2.1 and A2.2) are the material parameters as used in 
the software developed and written by Silver60. Further information on the values listed can 
be found in references 40,61 and 66. 
Parameter GaAs InAs AlAs 
Electron effective mass, me/mo 0.067 0.023 0.135 
Heavy-hole effective mass, mhh/mo 0.377 0.342 0.478 
Light-hole effective mass, mlh/mo 0.068 0.025 0.208 
Band gap, E. (eV) 1.424 0.36 2.95 
Spin-orbit Splitting, Do (eV) 0.340 0.37 0.28 
Bowing Parameters InGaAs AlGaAs 
Band Gap Bowing Parameter 0.45 o. -7 
Figure A2.1, A2.2 Parameters used by the gain and material parameter 
programme developed by Silver 60 
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Appendix C 
The following table lists the material parameters for the InP device used in chapter 6. 
Device Parameter Details 
Nominal Wavelength 1.48 µm 
Number of Quantum wells 4 
QW/Bulk layer composition InGaAs 
QW Strain (%) + 0.6 
QW Width (Lt) 25 nm 
Barrie/SCH Composition InGaAsP 
Barrier Strain (%) 0.0 
Barrier Band G ap, 2g 1.3µm 
Barrier Width 130µm 
Cladding Composition InP 
Structure Stripe Width SIPBH 1.68µm 
Source Phillips Optoelectronics Centre, 
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